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Jie Zhou
A number of viruses exhibit microtubule-based bidirectional transport following cell entry. This
behavior raises three questions: First, what mediates their transport along microtubules? Second,
how do viruses recruit the motor proteins? Finally, how do they go to the right place by bidirec-
tional transport in a variety of cell types with different microtubule organizations? We studied these
questions with Adenovirus 5 (Ad5), a virus with well characterized, dynein-mediated minus trans-
port mechanism. One form of plus end directed motor, Kif5C, has been reported to disrupt Ad5
capsids at the Nuclear Pore Complexes (NPC), but the mechanisms and roles of microtubule plus
end-directed Ad5 transport prior to this stage are largely unknown. Here we performed a RNAi
screen of 38 microtuble plus end-directed kinesins, which implicated Kif5B (kinesin-1 family) in
plus-end directed Ad5 transport, along with several other forms of kinesin. Kif5B knockdown
caused an accumulation of Ad5 particles near the centrosomes in human pulmonary epithelial
A549 cells. This effect was strongly enhanced by blocking Ad5 nuclear pore targeting with Lep-
tomycin B and supports a role for Kif5B in Ad5 transport prior to NPC docking. Kif5B RNAi was
rescued by expression of any of the three Kif5 orthologues. We also found that Ad5 directly inter-
acts with kinesin-1 via the capsid subunit Penton Base in a PH-independent manner. Together with
our earlier studies, these findings reveal that Ad5 has evolved distinct recruitment mechanisms for
cytoplasmic dynein and at least one form of kinesin-1 during early infection.
Despite clear evidence for short-range linear microtubule-associated Ad5 transport, we found
the overall behavior of most Ad5 particles to be stochastic at a larger time scale, by mean-square-
displacement (MSD) analysis. We named this behavior “assisted diffusion”. In consistent with
this mechanism, Ad5 was able to maintain a normal nuclear targeting after we displaced centro-
somes away from the nucleus by inhibiting CDK1 in late G2 cells. We also directly observed
Ad5 switching from microtubule based transport to nuclear targeting from a microtubule near the
nucleus. Kif5B RNAi dramatically inhibited this novel microtubule-based random-walk/“assisted-
diffusion” mechanism. By super resolution microscopy, we found a more local distribution of NPC
attached Ad5 over the entire nuclear surface under conditions of Kif5B knock down. We propose
that adenovirus uses independently-recruited kinesin and dynein to fully explore the cytoplasm to
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Many basic cellular functions depend on the precise delivery of a variety of cargoes such as mem-
brane vesicles, RNA granules, macromolecules, and chromosomes from one place to another
within the cell. Long-distance transport of these intracellular cargoes depends on microtubules
(MTs), which serve as polarized tracks (Alberts et al., 2014). Unfortunately for the cells, many
viruses have also evolved to hijack MTs as tracks for long-distance intracellular transport of their
genomes, subassemblies or progeny virions. Deliveries of these viral products to the appropriate
sites for transcription, replication, assembly or egress help to orchestrate a successful viral produc-
tion (Dodding and Way, 2011; Greber and Way, 2006; Brandenburg and Zhuang, 2007; Dohner
et al., 2005). Studying the molecular mechanism of MT-dependent viral transport in the cytoplasm
would aid in the search for new antiviral targets and provide new insights into the construction of
viral vectors for human gene therapy.
In this dissertation, we studied MT-dependent, plus-directed adenovirus(AdV) transport within
its first hour of infection. Adenovirus transport along MTs is bidirectional (Suomalainen et al.,
1999; Bremner et al., 2009), similar to many cellular organelles and, surprisingly, many other
viruses including herpes simplex virus (HSV), pseudorabies virus (PRV) and human immunode-
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ficiency virus (HIV) (Smith et al., 2001; Diefenbach et al., 2008; Lyman and Enquist, 2009; Mc-
Donald et al., 2002). Unlike cellular organelles which actively shuttle between different locations
in cells to perform their functions, viruses usually have a specific destination. For example, ade-
noviruses have only one destination within its first hour of infection: the nucleus (Trotman et al.,
2001). Bidirectional transport, therefore, seems to be a messy and inefficient way to deliver AdV
genome into the nucleus. The major questions we asked here, is how, and more importantly, why
are adenoviruses transported bidirectionally?
This thesis will present our efforts to address these questions. Chapter 1 provides a brief
overview of our understanding about microtubules, nucleus, motors, and adenovirus. Microtubules
serve as the highway for virus transport. The chapter starts with an overview of microtubules and
microtubule organizations in a variety of cell types (Section 1.2). In Section 1.3, I summarized
our understanding about the relationship between centrosomes, which is the center of microtubule
organization in many cultured cells, and the nucleus, which is a destination of transport in the life
cycle of many viruses. Viral cargoes are transported by microtubule-dependent motor proteins,
dynein and kinesin. The structure and regulation of these two families of motor proteins will be
reviewed in Section 1.4 and 1.5, and currently known mechanisms of bidirectional transport for a
variety of cellular and viral cargoes will be reviewed in Section 1.6. I conclude the introduction
chapter with an overview of adenovirus, focusing on the early stages of its infection (Section 1.7).
In Chapter 2, I discuss the identification of Kif5B as the major kinesin motor responsible for
the plus-directed transport of adenovirus 5(Ad5). To avoid nucleus as a complicating factor, most
of the experiments in this chapter are conducted in the presence of Leptomycin B, which prevents
nuclear binding of Ad5. RNAi for Kif5B not only causes Ad5 to accumulate near the centrosomes,
but also inhibits its local exploration in the cytoplasm. In Chapter 3, I examine the mechanisms
of Ad5 targeting to the nucleus from MTs. We directly observed nuclear targeting of Ad5 along
the way of MT-based transport, and found that Ad5 targeting to the nucleus is independent of
centrosome position. Kif5B inhibition does not affect the attachment, but changes the distribution
of attached Ad5 on the nuclear envelope. Finally, in Chapter 4, I tie the data presented in this thesis
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together and discuss the implications of these studies on microtubule-dependent cargo transport
and viral evolution .
1.2 Microtubules: structure and organization
1.2.1 Background
Microtubules(MTs) function as tracks of intracellular transport. A microtubule is a hollow cylin-
drical structure composed of α- and β-tubulin heterodimeric subunits (Alberts et al., 2014). It
is typically nucleated and organized by a delicate structure called microtubule-organizing center
(MTOC). In animal cells, this structure is also known as centrosomes (Urbani and Stearns, 1999).
The centrosome acts as a cap of the minus(-) ends of MTs when their plus(+) ends point outward
and continuously grow and shrink, probing the entire three dimensional volume of the cell (Figure
1.1A).
1.2.2 Microtubule organization in different cell types
In two-dimensional animal cell cultures, the radial configuration of microtubules positions the
centrosome at its center (Figure 1.1B) (Alberts et al., 2014). The centrosomes are usually located
in close proximity to the nuclei and also physically attached with the nucleus. MT organization
differs in a variety of organisms and cell types (Figure 1.1C). In yeast, microtubules are nucleated
at an MTOC that is embedded in the nuclear envelope, known as the spindle pole body. Similar
configuration is also found in other fungi and diatoms (Alberts et al., 2014). Plant cells lack a
discrete MTOC. Instead, they produce microtubule arrays with non-uniform polarity in the absence
of centrosomes (Bartolini and Gundersen, 2006). In differentiated cells of animal tissues, a variety
of elaborate MT structures are established in different cell types.
Epithelial Cells When epithelial cells form tight junctions and become polarized, centrosomes




















Figure 1.1: Microtubule structure and organization in different cell types. (A) Microtubules
are composed of α- and β-tubulin heterodimers assembled into linear protofilaments. A single mi-
crotubule is 24 nm wide hollow cylinder which contains 10 to 15 protofilaments (13 in mammalian
cells). Microtubules can rapidly grow (via polymerization) or shrink (via depolymerization) in
size. α- and β- tubulins are represented by blue and purple spheres, respectively. The plus end,
which is the faster growing end of the microtubule, is shown at the top, and the minus end of the
microtubule is shown at the bottom. (B) Illustration of the radial microtubule organization in a
cultured cell such as Cos7 cell. (C) Nonradial microtubule organization in different organisms and
cell types. Figures adapted from online materials and (Bartolini and Gundersen, 2006).
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along the apical-basal axis and serve as tracks for polarized transport (Bacallao et al., 1989). Simi-
lar MT organizations have been observed in a number of polarized epithelial cells originating from
canine kidney, human intestine, rodent cochlea and Drosophila tracheal placodes (Dyachuk et al.,
2016). Along the basal cortex of the Madin-Darby Canine Kidney(MDCK) epithelial cells, acen-
trosomal microtubules of mixed polarity intersect to form a meshwork (Reilein et al., 2005) and
interact with the cortex (Reilein and Nelson, 2005).
Neuronal Cells A typical differentiated neuron consists of a main cell body, a long, thin axon,
which transmits signals, and multiple shorter dendrites, which receive signals. Although centro-
somes can clearly be detected near the nucleus (Baas and Joshi, 1992), most MTs are not anchored
to the centrosomes. In terminally differentiated neuronal cells, acentrosomal arrays of MTs form
dense parallel bundles in both axons and dendrites. In axons, MTs are generally long and have
uniform polarity, with their plus end oriented towards the axonal growth cone. In dendrites, MTs
are usually shorter and have mixed polarity (Bacallao et al., 1989; Dyachuk et al., 2016).
Muscle Cells Skeleton muscle fibers (myotubes) are large multinucleated, syncytial cells formed
from the fusion of mononucleated myoblasts during differentiation. The cytoplasm of mature my-
otubes is filled with sarcomeres organized by actin and myosin filaments. Nuclei and long, parallel
arrays of MTs are aligned in a thin cytoplasmic layer at the periphery of the fiber(Dyachuk et al.,
2016). Centrosomes are not associated to each nucleus but are often clustered near nuclei groups
(Tassin et al., 1985; Bacallao et al., 1989). Interestingly, the MTOC redistributes from centrosomes
to nuclear membrane during muscle differentiation (Tassin et al., 1985), and both the nuclear mem-
branes and Golgi complexes have been reported to nucleate MTs (Fant et al., 2009; Oddoux et al.,
2013). In muscle fibers from adult mouse tissue, orthogonal grids of MTs (Kano et al., 1991) are
nucleated from Golgi complex, and newly nucleating MTs grow parallel or antiparallel to existing
MTs, with which they form bundles (Oddoux et al., 2013).
Altogether, these researches suggest much more complicated MT organizations in a variety of
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differentiated cells, compared to the radial MT organization in textbook illustration. When we use
two-dimensional cell cultures to study virus transport, it is important to keep in mind that the actual
virus transport may differ under physiological conditions, and that the physiological MT network
organization may serve as an additional driven factor for virus evolution.
1.3 From centrosomes to nucleus: how are these two organelles
positioned in cells?
The nucleus is a destination of genome replication for many viruses, including adenovirus, human
immunodeficiency virus, herpesviruses, parvoviruses, influenza viruses, hepatitis B virus, poly-
omaviruses, and baculoviruses (Flatt and Greber, 2015). In most cultured cells, centrosomes serve
as centers for the nucleation and organization of MTs. Therefore, one would imagine the centro-
somes to be a natural midpoint of virus transport in these cells. However, it is difficult to test this
hypothesis directly, because centrosomes are located close to the nucleus in most cultured cells.
What if we separate centrosomes away from the nucleus in two-dimensional cell cultures, and
study virus transport under such conditions?
One or more of the following factors may contribute to the proximity between the centrosome
and the interphase nucleus (1) The centrosome and the nucleus are both located in the center of
cultured cell separately. (2) The centrosome is linked to the nucleus by KASH proteins. (3) The
centrosome and the nucleus are connected by microtubules and microtubule motors (Table 1.1,
modified from (Burakov and Nadezhdina, 2013)).
Separate positioning of centrosomes and nucleus Centrosomes can be centrally positioned in-
dependent of the nucleus. Polymerization and catastrophy of MTs was proven to be sufficient for
the centering of centrosome asters in vitro. Freshly nucleated MTs, grown from either isolated
centrosomes or even MT-nucleating beads, are able to position the centrosome or beads in the geo-
metrical center of microfabricated chambers (Holy et al., 1997; Faivre-Moskalenko and Dogterom,
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Name of protein The point of centrosome-to-nucleus association Specific cellular function (if known) References
Actin Disruption of actin filaments dissociates centrosome from nucleus
Forms ubiquitous thin filaments in 
cytoplasm
Shay et al. (1974), Hubert 
et al. (2011)
DISC1
Distance between nucleus and the centrosome is 
extended, neuron migration is disturbed in case of 
abnormal DISC1
Structural protein associated with 
dynein–dynactin complex Eastwood et al. (2010)
Asp expression 
product
Mutations leads to multiple free centrosomes 
in Drosophila embryos Structural protein with unknown functions
Gonzalez et al. (1990), 
Wakefield et al. (2001)
BICD2, NudE/EL Inhibition increases distance between centrosome and nucleus
Structural protein associated with 
dynein–dynactin complex
Splinter et al. (2010), 
Tanenbaum et al. (2010), 
Bolhy et al. (2011)
CENP-F Inhibition increases distance between centrosome and nucleus
Adaptor protein for dynein/dynactin 
attachment to the nuclear envelope 
membrane (also called mitosin)
Bolhy et al. (2011)
Chk2/Mnk kinase When disturbed, free centrosomes inDrosophila embryos arises Kinase activated by DNA damage
Sibon et al. (2000), 
Takada et al. (2003)
Dynein Inhibition increases distance between centrosome and nucleus
Microtubule minus-end directed motor 
protein Splinter et al. (2010)
Emerin Inhibition increases distance between centrosome and nucleus Nuclear envelope lamina protein Salpingidou et al. (2007)
Greatwall/MAST-L 
mitotic kinase
Inhibition increases distance between centrosome 
and nucleus Antagonist of Polo kinase Archambault et al. (2007)
Hook3 Inhibition increases distance between centrosome and nucleus in migrating neurons
Mammalian ortholog of ZYG12. Long 
fibrillar protein Walenta et al. (2001)
Katanin p60 Inhibition increases distance between centrosome and nucleus Microtubule-severing protein Toyo-Oka et al. (2005)
Klaroid
Mutations detached the nuclei from the 
centrosomes, nuclei located basally after 
centrosomes migration to the apical surface of the 
eye disc
SUN protein, Klarsicht's partner Kracklauer et al. (2007)
Klarsicht The same as Klaroid KASH protein, Klaroid's partner Mosley-Bishop et al. (1999)
Map205 Inhibition leads to centrosome's detachment from the nucleus
Polo's partner, which sequesters the 
kinase. The same as greatwall/MAST-L Archambault et al. (2008)
Map205 Inhibition leads to centrosome's detachment from the nucleus
Polo's partner, which sequesters the 
kinase. The same as greatwall/MAST-L Archambault et al. (2008)
Marsexpression 
product
Mutations leads to detachment of centrosomes from 
mitotic spindles inDrosophila embryos Sructural protein with unknown functions
Bennett and Alphey 
(2004), Zhang et al. 
(2009)
Nesprin-3 Inhibition increases distance between centrosome and nucleus
Organises perinuclear cytoskeleton in 
human aortic endothelial cells Morgan et al. (2011)
Nesprin-4 Overexpression increases distance between centrosome and nucleus
Outer nuclear membrane protein that can 
induce kinesin-mediated cell polarization Roux et al. (2009)
PCM-1 Is associated with Hook3 long fibrillar protein of pericentriolar material
Required for centrosome assembly and 
function. Ge et al. (2010)
Polo kinase Inhibition in Drosophila leads to centrosome's detachment from the nucleus Mitotic kinase Sunkel and Glover (1988)
CDK-1
Inhibition increases distance between centrosome 
and nucleus in late G2 cells; impairs interkinetic 
nuronal migration
Regulate progression from G2 to M phase Baffet et al.(2015)
RanBP2/Nup358, 
Nup133
Attaching the dynein/dynactin to the nuclear 
envelope
Nuclear pore proteins. Bind also dynein 
and dynactin Bolhy et al. (2011)
Spag4/Giacomo
Binds to the Yuri Gagarin needed for the association 
of basal body of sperm flagellum with spermatid's 
nucleus
May assist the organization and assembly 
of outer dense fibers (ODFs), a specific 
structure of the sperm tail.
Kracklauer et al. (2010)
SUN-1 SUN group protein, partner of ZYG-12 as a KASH protein
Component of LINC complexes which link 
the nucleoskeleton and cytoskeleton by 
providing versatile outer nuclear 
membrane attachment sites for 
cytoskeletal filaments.
Minn et al. (2009)
TBCCD1 Inhibition leads to the rapid increase of the nucleus-centrosome distance
Protein related to tubulin cofactor C TBCC-
domain containing 1 Gonçalves et al. (2010)
Yuri Gagarin Mutation leads to aberrant nuclear migration during Drosophila spermatogenesis
Binds to the outer nuclear envelope. Also is 
involved in actin organisation
Texada et al. (2008), 
Kracklauer et al. (2010)
ZYG-12 Mutations leads to the pronucleus migration defects in C. elegans zygote
ZYG12 dimer binds to to outer nuclear 
membrane and to centrosome Malone et al. (2003)
Table 1.1: Summary of proteins involved in the association of centrosome and nucleus
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2002).
The nucleus is also able to find the geometric center of cells independent of centrosomes in
some cell types. In mouse oocytes which lack canonical centrosomes, their large nuclei(∼30 µm
wide) is almost perfectly positioned at the center of these large cells(∼80 µm wide) (Almonacid
et al., 2015). By studying nucleus movement in the rescue of nucleus positioning in Fmn2 −/−
oocyes by microinjection of formin 2, Almonacid et al studied the mechanism of oocyte nucleus
positioning and movement. Nocodazole treatment of cells only have a minor effect on nucleus
movement. Myosin II inhibition has no effect on nucleus movement, excluding a role of acto-
myosin contactility in this process. However, expression of the dominant-negative tail of myosin
Vb impairs nuclear movement. Mechanical measurements of the cytoplasm suggests an unex-
pected mechanism: Active, random transport of actin-coated vesicles by myosin Vb generates a
gradient of pressure which is greater at the cell periphery and vanishes close to the centre, thus
moving and keeping the nucleus in a central position (Almonacid et al., 2015).
In most cell types, however, it is not easy to study the forces that place the nucleus and cen-
trosomes separately, because the two structures are usually physically associated(see below). Im-
portantly, studies of wound edge fibroblasts revealed separate centrosome and nucleus positioning
pathways in directed cell migration. Different from centrosomal centering which depends mainly
on MTs and dynein, nuclear positioning in fibroblasts is governed by retrograde actin-myosin flow
involving Cdc42, MRCK, myosin and actin and independent of dynein (Gomes et al., 2005; Luxton
and Gundersen, 2011).
KASH-dependent centrosomal attachment to the nucleus A robust attachment between cen-
trosomes and the nucleus has been demonstrated in several animal cells (Aronson, 1971; Bornens,
1977; BORNENS, 1992). The sample of isolated nuclei contains centrosomes, withstanding cell
lysis, homogenization, and even solubilization of the nuclear envelope(Nadezhdina et al., 1979).
What connects the centrosomes to the nucleus? In the organisms studied to date, two major
groups of proteins, called KASH (Klarsicht-anchorage protein1-Syne homology) and SUN (Sad1-
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UNC84) have been implicated in the centrosome-nucleus linkage (Vaughan and Dawe, 2011).
Multiple SUN and KASH proteins form the LINC (Linker of Nucleoskeleton and Cytoskeleton)
complexes which bridges the two membranes of the nuclear envelope to cytoskeletal polymers
(Vaughan and Dawe, 2011; Burakov and Nadezhdina, 2013).
In C. elegans, KASH protein ZYG-12 links the centrosome to the nuclear envelope during em-
bryogenesis (Malone et al., 2003). Mutations in ZYG-12 result in the disassociation of centrosome
from nucleus in C. elegans zygote, giving rise to mitotic defects and lethality (Malone et al., 2003).
The mammalian ortholog of ZYG-12 is called Hook3, but is implicated in binding of microtubules
to Golgi (Malone et al., 2003). In mammalian cells, the role of nucleus-centrosome linkers may be
fulfilled by several other KASH proteins such as emerin (Salpingidou et al., 2007) and nesprin 1-4
(Zhang et al., 2001; Roux et al., 2009).
Nesprins comprises a diverse spectrum of tissue specific isoforms (Rajgor and Shanahan,
2013). Nesprin-1 and nesprin-2 couple the centrosome to the neuronal nucleus in the developing
mouse brain (Zhang et al., 2009), and play an important role during radial neuronal migration in
the cerebral cortex (Zhang et al., 2009; Hu et al., 2013). Nesprin-3 is robustly expressed in human
aortic epithelial cells(HAECs) (Morgan et al., 2011). Although nesprin-3 usually connects inter-
mediate filaments to the nucleus, knock down of nesprin-3 increases centrosome-nuclear distance
in HAECs (Morgan et al., 2011). Nesprin-4 is specifically expressed in epithelial cells. Its interac-
tion with microtubule motor kinesin-1 has been proposed to contribute to nucleus and centrosome
positioning in interphase cells (Roux et al., 2009) .
MT-dependent centrosomal and nuclear positioning A role of MTs in centrosome-nucleus
association has been reported 40 years ago, but in sea urchin embroys (Aronson, 1971). Together
with ZYG-12, MTs and dynein also appears to contribute to the nucleus-centrosome attachment in
the embryogenesis of C. elegans (Malone et al., 2003). However, until recently, our knowledge is
limited about the roles of MT and MT motors in the relative positioning of nucleus and centrosomes
in mammalian cells.
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In recent years, more and more evidence suggests that MT motors – dynein and kinesins (the
two motor proteins will be elaborated in the next two sections) – act locally from the nuclear
surface to position the nucleus and centrosomes (Splinter et al., 2010; Bolhy et al., 2011; Hu et al.,
2013; Baffet et al., 2015). Strikingly, motor proteins at the nuclear envelope exert strong opposite
forces on nucleus and centrosomes, and a balance of dynein and kinesin generated forces tune the
relative positions of these two organelles in late G2 nonneuronal cells as well as in radial glial
(RGP) cells (Splinter et al., 2010; Bolhy et al., 2011; Baffet et al., 2015).
Dynein is attached to the G2 NE through two sequential pathways: In early G2, the nucleoporin
RanBP2 recruits BicD2, which, in turn, recruits cytoplasmic dynein and its regulatory complex dy-
nactin and Lis1 to the nuclear surface(Splinter et al., 2010, 2012). Later in G2, Nup133, another
nucleoporin, independently recruits CENP-F (Bolhy et al., 2011), which then recruits dynein via
NudE and NudEL (Bolhy et al., 2011). Cdk1 appears to be the direct master controller that acti-
vates these pathways in G2 (Baffet et al., 2015). During brain development, the two pathways both
contribute to dynein NE recruitment in G2 radial glial progenitors cells, which activates apical nu-
clear migration and mitotic entry (Hu et al., 2013). In nonneuronal cells, the two pathways controls
centrosome positioning, centrosome separation and early spindle assembly in G2/prophase(Bolhy
et al., 2011; Raaijmakers et al., 2012). Kinesin-1 might bind the nucleus in a similar manner, in-
teracting with RanBP2 and BicD2 on the nuclear envelope (Cho et al., 2009; Splinter et al., 2010).
Dynein and kinesin-1 can also be recruited to the NE by a combination of nesprin and SUN pro-
teins in some cell types, as demonstrated in the transport of nuclei within C. elegans hypodermal
cells (Starr and Fridolfsson, 2010), migrating neurons (Zhang et al., 2009), and mammalian my-
otubes (Wilson and Holzbaur, 2012, 2015).
Engineering cells with separate nucleus and centrosomes to study virus transport – This task would
seem impossible at the first glance due to the viscoity of cytoplasm, a number of natural centering
forces for both centrosomes and nucleus, and the direct interactions between the nucleus with sev-
eral different cytoskeletal polymers. However, the findings discussed above indicate that nucleus,
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the largest organelle in the cell, can be moved along MT by dynein and kinesin motors like other
intracellular cargoes (Vallee et al., 2012), making it possible to actively separate centrosomes and
nucleus for virology studies. Preliminary experimental results will be presented and discussed in
Chapter 3.
1.4 MT dependent motors I: Cytoplasmic dynein
The discovery of kinesin and cytoplasmic dynein in the mid-1980’s represented an exciting land-
mark in cell biology. Back then, a role of MTs and ATP had become obvious in the chromosome
segregation during mitosis, and in the two-way transport of membrane-bound organelles along the
giant axon of the squid. However, the ATPase responsible for moving these cargoes along MTs
was a big mystery (Brinkley, 1997). The leading candidate ATPase was dynein, which had been
discovered as MT-dependent motor for ciliary and flagellar beating since the 1960’s. Reports of cy-
toplasmic dynein emerged sporadically over the ensuing years, but the first definitive evidence that
cytoplasmic analogue of axonemal dynein existed was not established until 1987, when Vallee and
his colleagues discovered a protein called MAP1C, which showed minus-directed motor activity
in MT-gliding assay (Paschal and Vallee, 1987) and shared biochemical and structural similarities
to ciliary and flagellar dynein (Figure 1.2A)(Paschal and Vallee, 1987; Vallee et al., 1988). This
protein is now called cytoplasmic dynein to distinguish it from axonemal dyneins responsible for
ciliary and flagellar motility (Hook and Vallee, 2006). “Dynein” in this thesis refers to cytoplasmic
dynein unless otherwise specified.
Retrograde transport along MTs in the cytoplasm is dominantly powered by cytoplasmic dynein,
which is ubiquitously expressed in animal cells. Its activity is crucial to a wide range of cellular
functions, including nuclei positioning, transport of vesicles, macromolecules and viruses, cell mi-




































Figure 1.2: Structure and cargo recruitment mechanisms of Dynein (A) Freeze-etch electron
micrographs of a molecule of cytoplasmic dynein and a molecule of ciliary(axonemal) dynein
(Vallee et al., 1988). (B) Schematic depiction of cytoplasmic dynein showing the two heavy
chains(blue and grey) that contain domains for microtubule binding and ATPase actvity, connected
by a long stalk. Bound to the heavy chains are pairs of intermediate chains, light intermediate
chains(dark green), and light chains(light green) that help to mediate many of dynein’s functions.
(C) known recruitment pathways of dynein by cellular cargos and adenovirus (Vallee et al., 2012).
12
1.4.1 Dynein structure
Cytoplasmic dynein motor is a large multimeric,1.5 MDa complex. It is composed of two heavy
chains (DHCs), two intermediate chains (ICs), two light intermediate chains (LICs) and several
light chains (LCs) (Vallee et al., 2012; Kardon and Vale, 2009). The heavy chain contains a
carbooxy-terminal(C-terminal) motor domain, which carries the force-generating ATPase activ-
ity, and an amino-terminal(N-terminal) tail domain. Whereas dynein motor domain powers it
movement along MTs, its tail domain mediates homodimerization of the heavy chain and serve
as a scaffold for ICs, LICs and LCs, where cargo binding is thought to occur (Figure 1.2B). A
pair of intermediate chains and light intermediate chains bind directly to the tail of dynein heavy
chain dimers. Each dynein motor complex contains up to three pairs of different light chains: light
chain 8 (LC8), LC7 (also known as roadblock) and T-complex testis-specific protein 1 (TCTEX1),
which are assembled on the intermediate chain (Vallee et al., 2012). A detailed review about
dynein’s molecular structure and mechanichemistry can be found in (Bhabha et al., 2016; Carter
et al., 2016). Dynein by itself is not very processive (King and Schroer, 2000; Ross et al., 2006;
Ori-McKenney et al., 2010; McKenney et al., 2014), but it seems to be a good team player(Rai
et al., 2013; Derr et al., 2012). In addition, dynein interacts with several regulatory proteins that do
not belong to the dynein complex itself but are crucial for adapting the motor for a diverse range
of cargoes (Figure 1.2C). Two most prominent regulators are (1) dynactin and dynein-dynactin
adaptor proteins, (2) the complex formed between lissencephaly 1(LIS1) and nuclear distribution
protein E(NudE) / NudE-like proteins(NudEL) (Vallee et al., 2012; Kardon and Vale, 2009).
1.4.2 Dynein regulation by dynactin
Dynactin is a ∼1.2MDa multisubunit protein complex involved in virtually all the known cellular
functions of dynein. Dynactin itself is composed of 11 different subunits, including a ∼40 nm
filament of actin-related protein 1 (Arp1), capping proteins at the barbed (+) end, a subcomplex
of Arp11 and accessory subunits at the pointed (-) end, and p150Glued (Vallee et al., 2012; Kardon
and Vale, 2009).
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In the past few years, our understanding of dynein-dynactin complex has advanced consider-
ably with the emerging role of coiled coil adapter proteins. The breakthrough begins with Splinter
et al., who showed that BicD2 N-terminus region(BicD2-N) strongly promotes a stable interaction
between dynein and dynactin both in vitroand in vivo. McKenney et al. then directly observed
a strong activation of single dynein molecules by both dynactin and BicD2-N, but not dynactin
alone, when examined in total internal reflection fluorescence(TIRF) single molecule motility as-
says (McKenney et al., 2014). Similar conclusions was also obtained for recombinant human
dynein produced in baculovirus (a great achievement in its own right), suggesting a crucial role of
BicD2 in the activation of dynein by dynactin (Schlager et al., 2014). Cryo-EM studies further re-
vealed amazing details about this dynein-dynactin-BicD2 triple complex, in which the N terminus
coiled coil of BicD2 sits in a groove of the Arp1 filament of dynactin and also interacts with the
N-terminal region of the dynein heavy chain, stabilizing the tripartite complex (Urnavicius et al.,
2015; Chowdhury et al., 2015).
1.4.3 Dynein regulation by NudE/L-Lis1
Other than dynactin, NudE/L-Lis1 complex also plays a crucial role in diverse functions of dynein,
including nuclear migration, spindle positioning, kinetochore activity and organelle transport (Vallee
et al., 2012; Kardon and Vale, 2009). In vitro biophysics studies suggests an advantage of this com-
plex in high load transport, as dynein increases its processivity and prolongs its force-producing
state when bound to NudE/Lis1 (McKenney et al., 2010). Interestingly, when applied forces by
an optical trap, cellular and purified lipid droplets enhance their force production to adapt to high-
load situations. NudE/L and Lis1, but not p150Glued appears to contribute to this adaptation (Reddy
et al., 2016), indicating a novel role of NudE/L-Lis1 in dynein regulation under high-load condi-
tions.
In consistant with this model, inhibition of NudE/L or Lis1 causes severe defect in interkinetic
nuclear migration of neuronal projenitor cells (Tsai et al., 2005), radial neuronal migration (Tsai
et al., 2007) and retrograde transport of large lysosomes(but not small lysosomes) in neurons (Yi
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et al., 2011). Perhaps these results indicate that dynein requires NudE/L-Lis1 to move its large
cargoes, such as the nucleus, through a crowded environment. Interestingly, NudE/L and dynactin
p150Glued interact with dynein in a mutually exclusive manner (McKenney et al., 2011). How these
two regulatory pathways of dynein are coordinated in space and time remains a open and important
question.
Adenovirus is also a dynein cargo, perhaps not a overly high-load one. Curiously, both dynactin
and NudE/L have been found to colocalize with adenovirus in Hela cells(Bremner et al., 2009),
although the regulatory role of dynactin seems to be more important(Bremner et al., 2009). It is not
clear whether adenovirus uses cellular BicD2-like adaptors to activate dynein-dynactin complex, or
has its own design. It will be interesting to see how adenovirus takes advantage of these regulatory
factors to activate dynein for its transport.
1.5 MT dependent motors II: Kinesins
The discovery of cytoplasmic dynein is a big breakthrough in cell biology, but occured two years
after an equally momentous event, the discovery of microtubule motor protein kinesin-1, which
mediates anterograde transport along MTs (Brady, 1985; Vale et al., 1985; Scholey et al., 1985).
In the presence of the non-hydrolyzable ATP analog, AMP-PNP, fast axonal transport was inhib-
ited and organelles bind tightly to MTs in the isolated squid axoplasm, suggesting an AMP-PNP
dependent association with MTs by the motor protein. This unique biochemical property was then
to used to purify and identify kinesin-1 (formerly known as kinesin, conventional kinesin or KHC)
(Brady, 1985; Vale et al., 1985; Scholey et al., 1985).
Further studies have led to the discovery of a large number of members in the kinesin super-
family. To date, there are 45 mammalian KIF genes constituting 15 kinesin families, which are
termed kinesin1 to kinesin 14B according to phylogenetic analyses (Figure 1.3D) (Lawrence et al.,

























Figure 1.3: Structure and activation mechanism of kinesin-1 (A) Freeze-etch electron micro-
graphs of kinesin-1. Kinesin-1 with unfolded and folded conformations can clearly be detected
(Hirokawa et al., 1989). (B) Schematic depiction of kinesin-1 showing the two heavy chains with
a pair of motor domain at one end, a long coiled coil stalk in the middle, and kinesin tail on
the other end. Bound to the N-terminal part of kinesin heavy chains are pairs of kinesin light
chains(KLC)(green) that help to recruit cargoes and contribute to autoinhibition. (C) Inactive
kinesin-1 assume a folded conformation that enables an inhibitory and direct motor-to-tail interac-
tion. Kinesin-1 autoinhibition is probably relieved by cargo binding. A kinesin-1 activation mech-
anism involving two binding partners, Fez1 and JIP1, is shown (Verhey and Hammond, 2009). (D)
A phylogenetic tree of all 45 KIF genes in the mouse genome, which are classified into 15 families
(Hirokawa et al., 2009).
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Table 1.2: Kinesins in cellular cargo transport
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ated by a single form of dynein, cells use different kinesins to carry out diverse transport activities
(Table 1.2, modified from (Hirokawa et al., 2009)).
Different kinesins have distinct protein domains that confer unique localization, cargo binding
and regulatory properties. The common bond among all the kinesins is a highly conserved motor
domain which contains binding sites for ATP and microtubules (Hirokawa et al., 2009). Depending
on the position of the motor domain, kinesins can be categorized into three type: N-kinesins with
a motor domain in the N-terminal region, M-kinesins with a motor domain in the middle and
C-kinesins which have a motor domain in the C-terminal region. In general, N-kinesins and C-
kinesins drive microtubule plus end and minus end directed motilities, respectively, and M-kinesins
depolymerize microtubules (Hirokawa et al., 2009). Here we mainly focus on kinesin-1, a typical
N-kinesin that is best studied to date.
1.5.1 Kinesin-1 structure
Kinesin-1 is composed of a dimer of kinesin heavy chains(KHC) (encoded by three mammalian
genes, KIF5A, KIF5B, andKIF5C) and a dimer of kinesin light chains (KLC) (Bloom et al., 1988).
Under EM, kinesin-1 appeared to be rod shaped, featuring a pair of globular heads at one end, a
long coiled coil stalk in the middle, and a fan-shaped structure that associates with KLCs on the
opposite site (Figure 1.3A) (Hirokawa et al., 1989).
The globular head is its motor domain, conferring microtubule binding and ATPase hydrolysis
activity (Hirokawa et al., 1989). The core motor domain is connected to the coiled-coil stalk do-
main by a neck linker region, a ∼ 14-18 amino acid segment (Figure 1.3B). The neck linker trans-
mits mechanical tension between the two head domains during transition of different nucleotide-
and MT-binding states. Its conformational change generates forces required for the “walking" of
kinesin-1, and determines the directionality of this motor protein towards the plus-end of micro-
tubules (Rice et al., 1999; Block, 2007).
Following the neck linker is a long coiled coil stalk containing hinge segaments, which medi-
ates kinesin-1 dimerization, KLC association, and enables the motor to adopt a folded, autoinhib-
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ited state. Finally, the C-terminal end of kinesin-1 comprises the tail region, which often serves
cargo binding region (Figure 1.3B,C)(Setou et al., 2002; Kanai et al., 2004; Cai et al., 2005; Glater
et al., 2006; Taya et al., 2007; Yamada et al., 2010; Sun et al., 2013; Fu and Holzbaur, 2013).
Unlike the motor and neck domain which are highly conserved, the stalk/tail sequences of kinesins
varies across different kinesins and different species. However, for kinesin-1, two conserved do-
mains can be found on its tail region: the autoinhibitory IAK motif (Coy et al., 1999; Hackney and
Stock, 2000) and an auxiliary ATP-independent MT binding site (Navone et al., 1992; Jolly et al.,
2010; Seeger and Rice, 2010). The former is required for kinesin-1 autoinhibition(see below). The
roles of the MT binding domain on kinesin-1 tail remains largely elusive.
A dimer of kinesin light chains (KLCs), which contains a heptad repeat region for oligomeriza-
tion with KHC, is often part of the kinesin-1 complex (Figure 1.3B,C). The KLCs are also involved
in cargo binding, mostly through its six tetratricopeptide repeat (TPR) motifs (Verhey et al., 2011).
However, KHC motors lacking KLC can exist biochemically and act functionally in the absence of
KLC1 (Verhey et al., 2011). In cultured cells, the kinesin-1 pool has been reported to contain both
heterotetramers of KHC-KLC complex, and homodimers of KHC alone (DeLuca et al., 2001).
Cargoes such as mitochondria and dFMR granules can be recruited and transported by KHC alone
independent of KLC (Glater et al., 2006; Ling et al., 2004).
1.5.2 Kinesin-1 autoinhibition
Purified kinesin-1 motors can adopt a folded, compact conformation or an extended, almost linear
conformation (Figure 1.3A)(Hirokawa et al., 1989). Further work, including sedimentation assays
(Hackney et al., 1992), single-molecule analysis (Friedman and Vale, 1999), biochemical assays
(Verhey et al., 1998) and fluorescence resonance energy transfer (Cai et al., 2007), confirms a
folded, inactive state of kinesin-1. Presumably, regulated kinesin-1 folds at a hinge in its coiled-
coil stalk. In consistent with these models, removal or mutation of the stalk hinge prevents the
folded conformation and produces an active state of kinesin-1 (Coy et al., 1999; Friedman and
Vale, 1999).
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Kinesin’s tail domain and KLC appear to act as two levels of inhibitory regulator of KHC.
A conserved IAK motif on kinesin-1 tail can interact with the motor domain directly to hinder
ADP release and weaken motor domain-microtubule interaction (Hackney and Stock, 2000; Seiler
et al., 2000). In 2011, the crystal structure of the kinesin-1 motor-tail complex reveals an "double
lockdown" mechanism of kinesin-1 autoinhibition by its tail. Kinesin-1 tail crosslinks and locks
the motor domains at two positions to prevent motor domain movement, which is required for
neck linker undocking and ADP release (Kaan et al., 2011). KLCs may further contribute to this
inhibition effect (Verhey et al., 1998; Cai et al., 2007; Verhey and Hammond, 2009).
1.5.3 Kinesin-1 activation
How is kinesin-1 activated for cargo transport? A simple prediction is that cargo binding to the
kinesin-1 tail frees the motor domain from autoinhibition. Indeed, recombinant kinesin heavy
chain (KHC) can be activated in vitro by binding artificial cargoes such as glass slides or beads
(Coy et al., 1999; Jiang and Sheetz, 1995). The activation of kinesin-1 in vivo seems to be cargo-
specific and fine-tuned. Both RanBP-2 and ensconsin(also known as MAP7) have been reported as
kinesin-1 activators, possibly by relieving its autoinhibition (Cho et al., 2009; Barlan et al., 2013).
In some cases, binding partners for both KHC tail and KLC subunit are required for the activation
of kinesin-1 complex. For example, Fez1, which binds to the KHC tail, and JIP1, which binds
to the KLC subunit, together activate kinesin-1 for MT-binding and motility in vitro and in vivo
(Figure 1.3C ) (Blasius et al., 2007).
1.6 Transport of MT-dependent cargoes by dynein and kinesins
Whereas individual motors move unidirectionally along microtubules, bidirectional motion has
found to be widespread for cargoes including mitochondria, pigment granules, mRNA granules,
endosomes and lysosomes, lipid-droplets, and viruses (Hancock, 2014; Dodding and Way, 2011).
Almost all known cellular cargoes are bound simultaneously to dynein and kinesin motors(Hancock,
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2014), which raises the important question: How are bidirectional movements regulated, so that a
cargo can get to the right place?
1.6.1 Mechanisms of bidirectional transport
In general, two models have been proposed to address the mechanism of bidirectional transport
(Welte, 2004; Hancock, 2014; Fu and Holzbaur, 2014): (1) "Tug of war" model, which assumes
that both motors are active at the same time, exerting opposite forces, and the stronger motor
determines the direction. Stochastic binding and release of motor proteins lead to the alteration
in the dominant motor, resulting in directional switching. (2) Coordination model, in which the
opposing motors remain continuously bound to the organelle, but are not constitutively active.
Motor activity may be coordinated by post-translational modifications, adaptor proteins or other
regulatory factors. In both cases, regulatory mechanisms must be present to control intracellular
transport in response to internal or external stimuli (Figure 1.4B).
Tug of war between motors The "tug of war" model is supported by experimental work with
diverse approches. Purified kinesins and dyneins bound to glass surface produced back-and-forth,
bidirectional movement of MTs for several microns in vitro (Vale et al., 1992). The implication
is that a tug of war between dynein and kinesin may also move cargoes bidirectionally along
MTs. Indeed, bidirectional movements along immobilized MTs can be reconstituted for purified
melanosomes, neuronal vesicles and endosomes which contains both dynein and kinesins in vitro
(Rogers et al., 1997; Hendricks et al., 2010; Soppina et al., 2009). Simulations by Müller et al.
showed that a stochastic tug of war model can mathematically recapitulate the back-and-forth
vesicle trajectories observed in vivo, using experimental parameters such as binding and unbinding
rates, detachment force, velocity, stall force and backward velocity (Muller et al., 2008). Using
this model, neuronal vesicles are predicted to bind few (∼1-2) kinesin-1 motors and a larger team
(∼6) of dynein motors (Hendricks et al., 2010).













































Figure 1.4: Mechanisms of bidirectional movement for cellular cargoes (A) Schematic dia-
gram of various cellular cargoes linked to kinesin (blue) and dynein/dynactin motors (yellow). (B)
Several models about regulation of movement direction. (i) Regulating motor attachment: in this
model, cargoes interact with either kinesin or dynein/dynactin. If kinesin is recruited, the cargo will
move unidirectionally towards the plus end of the microtubule. If dynein/dynactin is recruited, the
cargo will move unidirectionally towards the microtubule minus end. (ii) Tug of war between mul-
tiple motors: in this model, adaptors recruit both kinesin and dynein/dynactin motors. The cargo
will move bidirectionally along the microtubule, and dominant motor type determines transport
direction. Which motor is dominant may depend on signaling pathways (regulatory mechanism).
(iii) using adaptor proteins which intregrate cell signals: adaptor complexes can integrate signal-
ing cues to control motor-cargo binding and cargo motility. Such signalling cues include Ca2+
levels, phosphorylation, or other post-translational modifications (PTMs), Rab GTPase activity, or
organelle-specific phosphoinositide regulation. (iv) Direct regulation of motor activity by adap-
tor proteins: in this model, adaptors can act as direct controllers for motor activation. Bicaudal
D (BICD) family proteins have recently been shown to stimulate processive dynein motility by
promoting the dynein-dynactin interaction. Modified from (Hoogenraad and Akhmanova, 2016)
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to measure the active number of motors in real time. A tug of war effect can be directly observed in
Dictyostelium cells and Hela cells, where moving early endosomes can pause, undergo intermittent
elongation and even fission as if they are pulled away by opposing forces (Soppina et al., 2009). In
addition, a phase of slower velocity can often be observed when these endosomes switch transport
directions, suggesting a tug of war between opposite motors. Force measurements in vivo and in
vitro indicates that endosome transport uses many (∼4-8) dyneins and a single strong and tenacious
kinesin. Although each dynein is weak (generates a force of ∼1pN compared with 5-6pN of
kinesin-1), dynein is later revealed to be an amazing team worker, whereas kinesins fail to work
collectively (Rai et al., 2013), explaining the machanical tug of war on endosomes.
Consistent with this model, a related study examined the stall force in vivo on phagocytosed
beads Dictyostelium cells, lipid vesicles in A549 cells, and in vitro on beads associated with dynein
and kinesins. Compared with beads bound only to kinesin, these cargoes which are associated
with both dynein and kinesins showed a reduced stall force, suggesting that dynein mechanically
competes with kinesin motors attached to the same cargo (Blehm et al., 2013).
However, these systems cannot eliminate the effect of other cellular coordination factors such
as scaffold or adaptor proteins. In 2012, an exceptionally clean reconstitution of motor protein
tug of war was reported using a novel synthetic biology approach. The cargo is a complex three-
dimentional DNA structures called DNA origami. Motor proteins can be specifically attached to
these structures via strands of complementary DNA, allowing for a precise control of motor type,
number, spacing, and orientation in vitro,Derr2012. In this system, the ratio of dynein to kinesin
dictated cargo directionality. Reduced velocity and an increased number of immotile cargoes can
be observed when dynein and kinesin-1 become more evenly matched, suggesting a static tug-
of-war between the opposite motors (Derr et al., 2012). As an elegant illustration of this point,
immotile origamis began to move when one motor species was disengaged from the complex
through photo-cleavable linkages (Derr et al., 2012).
This stalling behavior under tug of war, however, differs significantly from the observed trans-
port of intracellular cargoes, which are mobile and display frequent switches. One possible expla-
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nation for the difference is that motors undergo stochastic binding/unbinding on cellular cargoes,
whereas they are robustly tethered on origami. It is also possible that additional regulatory factors
are required to reconstitute bidirectional motility.
Coordination by adaptor proteins In the tug-of-war scenario, inhibiting one motor should lead
the opposite motor to move more efficiently. This is true for lysosomes as revealed by acute dynein
inhibition (Yi et al., 2011), and probably true for other vesicles that disperse after dynein inhibi-
tion(such as melanosome(Firestone et al., 2012)) or accumulate near the cell center after kinesin
inhibition(such as early endosomes (Hoepfner et al., 2005)). However, in many cases, inhibiting
one motor diminishes transport in both directions, as is reported for mitochondria (Brady et al.,
1990), lipid droplet (Welte et al., 1998), synaptic vesicles (Barkus et al., 2008), prion protein(PrPc)
vesicles (Encalada et al., 2011), peroxisomes (Ally et al., 2009) and HIV-1 (Malikov et al., 2015).
In addition, by fluorescent imaging with one nanometer accuracy(FIONA) and directly watching
each ∼8nm step by dynein and kinesin, Kural et al found that dynein and kinesins does not work
against each other but instead coordinate their steps in peroxisome movement in vivo (Kural et al.,
2005). The coordination model was proposed to explain this “paradox of co-dependence” (Welte,
2004; Hancock, 2014; Fu and Holzbaur, 2014; Hoogenraad and Akhmanova, 2016) and step coor-
dination. In this model, both motors remain associated with the cargo and the activity state of the
motors are reciprocally controlled, possibly by a common adaptor protein (Figure 1.4).
The existence of such "central motor controller" was not established until recent years, when
the regulatory roles of a number of scaffold proteins emerge (Figure 1.4A). Although we still
cannot fully explain the “paradox of codependence”, specific scaffold proteins may exist to recruit
both dynein and kinesins for different organelles. These proteins may act as a bridge to translate
on-board signals into motor recruitment/activation events, and locally modulate cargo motility.
To date, the best characterized regulation mechanism of motility is established for mitochon-
dria. In neuronal axons, ∼ 70% - 80% mitochondrias are stationary, whereas the remainder ∼ 20%
- 30% moves robustly in either anterograde or retrograde direction. Moving mitochondrias be-
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come immobilized in areas of local high Ca2+ at active synapses, where demands for ATP supply
and Ca2+ buffering are high (Hollenbeck and Saxton, 2005; Ashrafi and Schwarz, 2013). Mi-
tochondrial Rho GTPase (Miro), which contains two Ca2+ binding EF-hand domains and forms
complex with TRAK/Milton(TRAK1 and TRAK2 are mammalian orthologues of Milton), act as
a Ca2+ sensor for the regulation of mitochondrial motility. Both kinesin-1 and dynein/dynactin
complex can be recruited to mitochondria by binding to TRAK/Milton(Glater et al., 2006; van
Spronsen et al., 2013). Ca2+-binding permits Miro to interact directly with the motor domain of
kinesin-1, therefore inactivate kinesin-1 by preventing kinesin-1/microtubule interactions (Wang
and Schwarz, 2009). Interestingly, Ca2+ also inhibits the retrograde transport of mitochondria, but
the mechanism of this inhibition remains to be resolved.
In addition to Miro/Milton complex which bridges motor regulation with Ca2+ levels, (Fu and
Holzbaur, 2014; Hoogenraad and Akhmanova, 2016). It will be exciting to see whether, and how,
these proteins control transport of their cargoes by coordinating opposing motors in response to
cellular signals.
1.6.2 Regulation of directionality
Directionality of transport can be regulated by (1) recruiting or activating motors of desired direc-
tion, or (2) releasing or inhibiting motors of the opposite direction. One or both mechanisms may
be involved for each specific cargo, although the latter may sometimes cause complete stall of the
cargoes.
Recruiting or activating motors of desired direction For dynein, a number of regulatory fac-
tors such as dynactin, BicD2, NuDE/L, Lis1 may contribute to the activation process. For exam-
ple, formation of the dynein-dynactin-BicD2 complex is reported to increase human dynein’s force
production to 4.3pN, making a single dynein-dynacin-BicD2 sufficient to resist a single kinesin-1
(Belyy et al., 2016). For kinesins, activation often involves release of autoinhibition.
Targeted recruitment or activation of a specific motor can be a very efficient way to regulate
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cargo distribution in cells. This fact is proven in Bergeijk et al. By using optogenetic methods to
recruit excessive Kif1A and N-terminal BicD2 to selected cargoes, the authors are able to control
cellular positioning of peroxisomes, recycling endosomes and mitochondrias (van Bergeijk et al.,
2015).
Similar mechanism is also adopted by the cells to control distribution of its organelles in space
and time. For example, in neuronal progenitor cells during G2, elevated levels of CDK1 phospho-
rylate RanBP2, allowing it to bind BicD2 and initiate early dynein recruitment on the nuclear
envelope (Baffet et al., 2015). The apical nuclear migration is then triggered by this pool of
newly recruited, activated dynein-dynactin-BicD2 (Hu et al., 2013). At later G2, higher CDK1
levels at late G2 export CENP-F from the nucleus, which recruit more dynein via NudE/L (Baffet
et al., 2015). The excessive pool of dynein on the nuclear envelope further help the nucleus to
squeeze into the ventricular surface, as a preparation step for mitosis (Hu et al., 2013; Baffet et al.,
2015). Interestingly, adenovirus 5 also seem to adopt a similar "enhanced recruitment" mechanism
through PKA activation to foster its minus-end directed transport (Scherer et al., 2014). This point
will be elaborated in Section 1.7.
Releasing or inhibiting the opposite motor As an alternative, cells may release or inhibit the
opposite motor to enhance transport towards a certain direction. A combination of motor recruit-
ment and opposite motor release appears regulate the transport of amyloid precursor protein (APP)
Fu2013. Kinesin-1 heavy chain and dynactin p150Glued compete for binding to JIP1, which is
the scaffold protein proposed for APP. JNK phosphorylation of JIP1 activates anterograde trans-
port, possibly by binding and activating kinesin-1 heavy chain and releasing p150Glued (Fu and
Holzbaur, 2013).
Releasing motors, however, appears to be a more general mechanism to shut down transport.
During mitosis, vesicular transport is downregulated (Yeong, 2013). Dynein is released from a
number of membrane vesicles due to CDK1 phosphorylation (Addinall et al., 2001), and kinesins
and dyneins are released from the mitochondria in a CDK1 and Aurora A dependent manner
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(Chung et al., 2016). In neurons, Miro/Milton bound kinesin-1 is removed from damaged mito-
chondria in a PINK1 and Parkin dependent manner. PINK1 phosphorylates Miro, which activates
proteasomal degradation of Miro, therefore releasing kinesin-1 and arrest the damaged mitochon-
dria, possibly as an initial step prior to mitophagy (Wang et al., 2011).
1.6.3 Virus cargoes
Many viruses have evolved to hijack dynein and kinesin with a limited repertoire of capsid proteins
(Table 1.3, modified from (Greber and Way, 2006)). Do viruses evolve unique mechanism to
recruit dynein and kinesins, or hijack existing cellular mechanisms? For some types of viruses
such as α herpes virus, intracellular transport involves net retrograde axon transport during entry,
and net anterograde axon transport during egress (Smith, 2012). Importantly, the transport of
incoming herpesvieus capsids was uninterfered by the presence of egressing viruses produced in a
prior infection (Smith et al., 2004). How is directionality determined?
I will briefly review our understandings of these questions, with a highlight on herpesvirus,
vaccinia virus and adenovirus (adenovirus part will be discussed in Section 1.7), which represented
the best studied virus cargoes to date (Table 1.3).
Overview The needs and strategies of virus transport varies depending on the virus type (DNA
vs. RNA virus, enveloped vs. non-enveloped viruses, etc). In general, the viruses either hijack
existing vesicular trafficking pathways, as in the case of adenovirus 7(Ad7) (Miyazawa et al.,
2001), influenza virus (Lakadamyali et al., 2003), and adeno-associated virus(Castle et al., 2014),
or directly recruit motor proteins on their capsids, as in the case of adenovirus 5(Ad5) (Bremner
et al., 2009), HSV1(Lyman and Enquist, 2009) and vaccinia virus (Rietdorf et al., 2001), or use
both strategies at different stages of infection.
Different viruses take advantage of virtually every cellular trafficking pathways for transport
and infection, including endocytic pathway, Golgi-ER trafficking pathway and even aggresome-
autophagy pathway which is originally used for protein degredation (Banerjee et al., 2014; Radtke
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Virus	  Family Motor Viral	  Receptor Evidence	  and	  References
Adenovirus	  type	  2	  and	  5	  
(Ad2/5)	  Adenoviridae dynein/dynactin Hexon
Low-­‐PH	  primed	  Hexon	  directly	  interact	  with	  Dynein	  IC/LIC	  via	  hypervariable	  region1(HVR1).	  
PKA	  phosphorylation	  enhances	  dynein	  binding	  to	  hexon,	  and	  LIC1	  phosphorylation	  by	  PKA	  
is	  required	  for	  Ad5	  nuclear	  targeting.	  (Bremner	  et	  al,	  2009,	  Scherer	  et	  al,	  2014,	  Scherer	  and	  
Vallee,	  2015).	  
Kinesin-­‐1 Penton	  Base
Kif4A	  /	  Kif21A? ?
Herpes	  simplex	  virus	  type	  
1	  (HSV1),	  pseudorabies	  
virus	  (PRV)	  Herpesviridae dynein/dynactin capsid	  VP1-­‐3,	  VP26,	  UL37
p50/dynamitin	  overexpression	  inhibited	  nuclear	  transport	  and	  establishment	  of	  infection	  
(Dohner	  et	  al.,	  2002).	  Direct	  interaction	  
kinesin-­‐1? US11? Kinesin-­‐1	  interacted	  with	  recombinant	  US11	  in	  vitro	  (Diefenbach	  et	  al.,	  2002).
Kinesin-­‐2? ? Kinesin-­‐2	  interacted	  with	  deenveloped	  HSV-­‐1	  in	  vitro	  (Radtke	  2010)
Kif1A	  during	  
egress UL56
UL56	  was	  found	  to	  interact	  with	  KIF1A,	  a	  member	  of	  the	  kinesin-­‐3	  family,	  in	  a	  yeast	  two-­‐
hybrid	  screen	  and	  a	  GST	  pull-­‐down	  assay.	  When	  overexpressed,	  KIF1A	  co-­‐localized	  with	  full-­‐
sized	  UL56.	  
Human	  immune	  
deficiency	  virus	  type	  1	  
(HIV1)	  Retroviridae dynein RTC
Nuclear	  targeting	  of	  HIV1	  reverse	  transcription	  complexes	  (RTC)	  positive	  for	  p24	  capsid	  and	  
the	  accessory	  protein	  Vpr	  tagged	  with	  GFP	  was	  inhibited	  by	  microinjected	  anti-­‐DYNC1I1	  
antibodies	  (McDonald	  et	  al.,	  2002).
Kinesin-­‐1 Fez1
human	  immunodeficiency	  virus	  type	  1	  (HIV-­‐1)	  associates	  with	  the	  kinesin-­‐1	  adaptor	  protein	  
 FEZ1.	  RNAi-­‐mediated	   FEZ1	  depletion	  blocks	  early	  infection,	  with	  virus	  particles	  exhibiting	  bi-­‐
directional	  motility	  but	  no	  net	  movement	  to	  the	  nucleus	  (opposite	  to	  the	  expected	  kinesin-­‐
1	  inhibition	  phenotype)	  (Malikov2015).	  
KIF4? Gag
Yeast	  two-­‐hybrid	  interactions,	  coimmunoprecipitations,	  and	  GST	  pull-­‐down	  assays	  
demonstrated	  the	  C-­‐terminal	  domain	  of	  KIF4	  can	  bind	  to	  the	  Gag	  polyprotein	  of	  various	  
retroviruses,	  including	  HIV1	  (Kim	  et	  al.,	  1998).	  Disrupting	  the	  function	  of	  KIF4	  slowed	  
temporal	  progression	  of	  Gag	  through	  its	  trafficking	  intermediates	  and	  inhibited	  virus-­‐like	  
particle	  production.	  
Vaccinia	  virus	  (VACV),	  
intracellular	  mature	  virus	  
(IMV)	  Poxviridae dynein/dynactin A27L
p50/dynamitin	  overexpression	  inhibited	  IMV	  accumulation	  at	  the	  MTOC	  and	  blocked	  IEV	  
assembly	  (Ploubidou	  et	  al.,	  2000,	  Sanderson	  et	  al.,	  2000	  and	  Ward,	  2005).




egress A36R	  and	  ?
Dynamic	  colocalization	  of	  kinesin-­‐1	  and	  IEV;	  TPR	  overexpression	  blocked	  egress;	  direct	  
interaction	  of	  A36R	  with	  TPR	  (Geada	  et	  al.,	  2001,	  Herrero-­‐Martinez	  et	  al.,	  2005,	  Newsome	  
et	  al.,	  2004,	  Rietdorf	  et	  al.,	  2001,	  Ward	  and	  Moss,	  2001	  and	  Ward	  and	  Moss,	  2004).
Rabies	  virus	  (RV),	  Mokola	  
virus	  Rhabdoviridae dynein
P	  protein	  of	  polymerase	  
complex
Yeast	  two-­‐hybrid	  interaction	  of	  DYNLL1	  	  (Jacob	  et	  al.,	  2000,	  Poisson	  et	  al.,	  2001	  and	  Raux	  et	  
al.,	  2000)	  and	  colocalizations	  of	  the	  P	  protein	  with	  DYNLL1	  in	  infected	  cells	  (Finke	  et	  al.,	  
2004).	  Pepscan	  interaction	  of	  LC8	  with	  phosphoprotein	  P	  (Rodriguez-­‐Crespo	  et	  al.,	  2001).	  A	  
rabies	  virus	  with	  a	  modified	  LC8	  binding	  site	  had	  an	  altered	  infection	  pattern	  in	  brains	  of	  
inoculated	  mice	  (Rasalingam	  et	  al.,	  2005).
Kinesin	  during	  
egress ?
Anterograde	  glycoprotein-­‐dependent	  transport	  of	  newly	  generated	  rabies	  virus	  by	  live	  
imaging	  (Bauer2014)
Papillomavirus dynein L2?
A	  yeast	  two-­‐hybrid	  screen	  using	  PV	  L2	  as	  bait	  against	  a	  human	  cDNA	  library	  retrieved	  
dynein	  light	  chain	  DYNLT1	  as	  a	  tight	  binder.	  experiments	  in	  HeLa	  cells	  proved	  that	  L2	  was	  
also	  able	  to	  bind	  to	  its	  homologue	  DYNLT3	  .	  Depletion	  of	  DYNLT1	  or	  DYNLT3	  using	  small	  
interfering	  RNA	  (siRNA)	  treatment	  inhibited	  human	  PV-­‐16	  infection,	  whereas	  infection	  was	  
increased	  after	  overexpression	  of	  these	  dynein	  light	  chains	  (Schneider	  et	  al,2011).
Poliovirus dynein CD155?
The	  cytoplasmic	  domain	  of	  CD155	  associates	  to	  the	  dynein	  light	  chain	  DYNLT1	  (Mueller,	  et	  
al.,2002)
Adeno-­‐Associated	  Virus Dynein ?	  (endosomes) AAV9	  travel	  within	  endosomes	  (Castle	  et	  al,	  2014)
Kinesin ?	  (endosomes)
African	  swine	  fever	  virus	  
(ASFV)	  Asfarviridae dynein/dynactin glycoprotein	  p54
p50/dynamitin	  overexpression	  inhibited	  ASFV	  infectious	  gene	  expression.	  The	  ASFV	  
glycoprotein	  p54	  and	  DYNLL1	  were	  found	  to	  colocalize	  in	  cells.	  Yeast	  two-­‐hybrid	  analysis	  
defined	  a	  13	  amino	  acid	  domain	  of	  p54	  sufficient	  for	  binding	  to	  an	  SQT	  motif	  in	  DYNLL1	  
(Alonso	  et	  al.,	  2001	  and	  Rodriguez-­‐Crespo	  et	  al.,	  2001).
kinesin-­‐1	  during	  
egress ?
Kinesin-­‐1	  was	  found	  on	  cytoplasmic	  viruses;	  TRP	  overexpression	  blocked	  viral	  egress	  
(Jouvenet	  et	  al.,	  2004).
Canine	  parvovirus	  (CPV)	  
Parvoviridae dynein capsid	  (and	  endosomes)
Microinjection	  of	  anti-­‐DYNC1I1	  antibodies	  inhibited	  transport	  of	  microinjected	  CPV	  to	  
nucleus.	  Immunoprecipitation	  of	  CPV	  with	  DYNC1I1	  in	  cell	  extracts.	  CPV	  capsids	  isolated	  
from	  infected	  cells	  bound	  to	  taxol-­‐stabilized	  microtubules	  and	  colocalized	  with	  DYNC1I1	  in	  
vitro	  (Suikkanen	  et	  al.,	  2003).
Influenza	  virus dynein ?	  (endosomes)
Labeled	  X-­‐31	  particles	  moved	  bidirectionally	  along	  microtubules	  in	  endosomal	  vesicles,	  in	  
some	  cases	  followed	  by	  viral	  fusion	  at	  low	  pH	  with	  an	  endosomal	  membrane	  (Lakadamyali	  
et	  al.,	  2003).	  Anti-­‐DYNC1I1	  antibody	  injections	  inhibited	  long-­‐range	  transport	  of	  DiD-­‐
labeled	  virus.	  Microtubules	  and	  cytoplasmic	  dynein	  are	  required	  for	  long-­‐range	  transport	  
and	  MTs	  for	  efficient	  viral	  fusion	  with	  a	  limiting	  endosomal	  membrane.
kinesin? ? Bidirectional	  movements.




HFV	  (Petit	  et	  al.,	  2003)	  and	  M-­‐PMV	  Gag	  (Sfakianos	  et	  al.,	  2003)	  were	  targeted	  to	  the	  MTOC	  
after	  entry;	  foamy	  virus	  required	  LC8	  (DYNLL1).	  In	  addition,	  overexpression	  of	  the	  central	  
coiled-­‐coil	  domain	  of	  the	  dynactin	  sidearm	  subunit	  p150/Glued,	  or	  p50/dynamitin	  blocked	  
nuclear	  targeting	  of	  HFV	  and	  M-­‐PMV,	  respectively.
Will	  be	  presented	  in	  this	  dissertation
Table 1.3: Summary of virus interactions with microtubule-based motor proteins
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et al., 2006), probably reflecting amazing evolutionary achievements of viruses over millions of
years of host-virus interaction. On the other hand, viruses which directly recruit dynein and kinesin
motors offers a great opportunity to understand new designs of cargo transport by motor proteins
as well as regulation mechanisms of directionality.
Herpesvirus During entry, after fusion at the plasma membrane, non-enveloped herpes sim-
plex virus-1(HSV-1) and pseudorabies virus(PRV) undergo bidirectional and saltatory movements
along the MTs with a net direction towards the nucleus (Sodeik et al., 1997). However, unlike
adenovirus which has a relatively simple capsid composition(see next section), study of motor re-
cruitment mechanisms of herpesvirus is complicated by its complex structure. A number of capsid
proteins have been found to interact with different dynein subunit and kinesins (Dodding and Way,
2011; Radtke et al., 2010), but the functional significance of these interactions was unclear. The
puzzle was not solved until 2013, when VP1/2, a large tegument protein bound directly to the cap-
sid surface, emerged to be a major recruitment factor of dynein for PRV. Coimmunoprecipating
with both dynein and dynactin, VP1/2 has found to be strongly implicated in PRV virulence and
retrograde axonal transport in vivo (Zaichick et al., 2013).
At later stage of infection, newly produced PRV nucleocapsids and tegument proteins undergo
secondary envelope formation first at the nuclear envelope and later at the transGolgi network
(TGN) (Flint et al., 2015), which produces an enveloped virion wrapped in a secondary membrane
that contains viral and host transmembrane proteins. The motility of this virion containing vesicle
is also bidirectional and saltatory, but with an anterograde net direction. The major kinesin motor
that mediates PRV particle transport at this stage turns out to be a kinesin-3 member, Kif1A, which
is identified as a binding partner of PRV membrane protein Us9 by mass spectrometry (Kramer
et al., 2012).
Therefore, the directionality of PRV seems to be determined by the different surface compo-
sition of incoming and egress subviral particles. Whereas non-enveloped PRV mainly recruits
dynein/dynacin complex for retrograde transport, vesicles containing newly assembled viral par-
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ticles are able to recruit Kif1A via its membrane protein to facilitate anterograde transport and
spread.
Several questions remain about the transport of herpesvirus: (1) VP1/2 appears to form a triple
complex with dynein and dynactin. Does it serve as a novel BicD2-like viral activator for dynein-
dynactin complex (Section 1.4.(2)What is the mechanism, and purpose of bidirectional transport
in the early and late stages of herpesvirus infection? (3) How is the bidirectional transport of
herpesvirus at each stage regulated? Answering these questions promises to provide important
insights into general mechanisms of motor transport and evolutionary clues for herpesvirus.
Vaccinia virus The intracellular transport of vaccinia virus is best studied for the egress of the
intracellular enveloped virus form of vaccinia virus (IEV). IEV are formed when intracellular ma-
ture virions become encapsulated by a double membrane cisternae derived from trans-Golgi or
endosomal membranes (Flint et al., 2015). The transport of IEV from sites of assembly to plama
membrane is mediated by kinesin-1, which is recruited to IEV via viral A36 protein as well as
F12/E2 complex in a KLC dependent manner (Rietdorf et al., 2001; Ward and Moss, 2004; Dod-
ding et al., 2009; Morgan et al., 2010; Carpentier et al., 2015). Interestingly, A36 appears to mimic
cellular KLC recruiters via a bipartite tryptophan based motifs, which is found to be present in a
variety of known KLC binding proteins(Dodding and Way, 2011).
Subsequent fusion of vaccinia IEV with the plasma membrane produces another form of vac-
cinia called cell-associated enveloped virus(CEV) (Smith et al., 2003), which remains attached to
the plasma membrane. Remarkably, Src phosphorylation of A36R triggers kinesin dissociation
(Newsome et al., 2004), and leads to the recruitment of actin polymerization machinery, including
Arp2/3 (Moreau et al., 2000; Scaplehorn et al., 2002). Polymerization of actin just below the site
of fusion induces large microvilli, and propels CEV virus particles away from the infected cell for
release and spread (Smith et al., 2003).
Other viruses Many other viruses also utilize dynein and kinesins for intracellular transport (Ta-
ble 1.3) (Dodding and Way, 2011; Dohner et al., 2005; Greber and Way, 2006; Ward, 2011). The
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main theme is that dynein is used during entry, kinesins are used during egress, and bidirectional
movement may be observed at both stages. Although dynein and kinesins have been reported to
facilitate the uncoating process of HIV-1 (Lukic et al., 2014), it is largely unclear whether bidi-
rectional movement represents cellular defense, or viral design. How dynein and kinesins are
recruited, activated or released on viruses, whether viruses coordinate motor behavior or suffer
a tug of war, and how transport direction is adjusted for different stages of virus infection, are
important questions to be answered.
1.7 Adenovirus(AdV)
Human adenoviruses(HAdV) represent a family of 57 serotypes of adenoviruses grouped in seven
species (denoted as A to G), which can cause acute respiratory, gastrointestinal and ocular infec-
tions. The infections are usually self-limiting, but can lead to fatal infections in immunocompro-
mised individuals (Wiethoff and Nemerow, 2015). Despite early setbacks, engineered version of
HAdV continues to be the most popular vehicle for short-term and long-term gene delivery vehi-
cles(Kremer and Nemerow, 2015), and is being used in about 25% of human gene therapy trials.
Among all the HAdVs, species C type 2 (HAdV-C2, or Ad2) and type 5(HAdV-C2, or Ad5) are
most extensively studied, and Ad5 is the focus of study in this dissertation.
1.7.1 HAdV structure
HAdV is a nonenveloped, icosahedron double stranded DNA virus with a diameter of ∼920 Å,
excluding the fiber protein. The structure of Ad5 capsid has been solved at high resolution (∼3.5
Å) by both X-ray crystallography and cryo-EM (Figure 1.5A,B) (Liu et al., 2010; Reddy et al.,
2010). Each Ad5 is composed of three major proteins, including 240 hexon trimers, 12 penton
base pentamers and 12 penton base-associated fiber trimers; four minor proteins: IIIa, VI, VIII,
and IX, which stabilize the capsid from inner and outer capsid surface; and the genome core inside
the capsid, which is composed of the DNA, five additional proteins and viral protease. According
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C
Figure 1.5: Adenovirus structure and entry pathway (A) Reconstructed surface of adenovirus
5 (Ad5) capsid (B) Outer surface of Ad5 capsid showing Hexon(green and purple), penton
base(green and purple), fiber(grey) and protein IX (magenta), and inner surface of the capsid show-
ing several other minor protein cement and stabilize the structure (Liu et al., 2010). (C) Adenovirus
entry pathway. Human adenoviruses attach to CAR and to integrins as a first step of infection. The
attachment triggers endocytosis as well as initial uncoating of adenovirus, which exposes protein
VI from inside the capsid to facilitate endosomal penetration. Adenovirus particles that escaped
are then transported bidirectionally on microtubules to the nuclear pore complex, from where viral
genome is injected into the nucleus and transcription begins (Fejer et al., 2011).
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to the atomic structure of Ad5, there are only four proteins on the outer surface of the capsid:
hexon, penton base, fiber and protein IX (Figure1.5B), making it a relatively simple model system
to study virus transport by dynein and kinesin motors.
Interestingly, penton base, with or without fiber, can self-assembly in vitro to form a sub-viral
particle called penton dodecahedron (include fiber) or base dodecahedron (without fiber) (Norrby,
1969; Fuschiotti et al., 2006). This subviral dodecahedral complex offers an excellent tool for
biochemistry analysis of motor interaction.
1.7.2 Ad5 infectious cycle
Attachment and endocytosis Most HAdV serotypes initiate their infection by attaching to the
Coxsackie and Adenovirus Receptor (CAR) and to integrins, which triggers endocytosis. Attach-
ment to CAR receptor is mediated by the fiber knob domain (Roelvink et al., 1999), and the pro-
truding RGD motif on penton base mediates a second interaction with αv-β3/5 integrins, which
promotes dynamin and actin-dependent viral endocytosis (Figure 1.5C)(Wickham et al., 1993).
Integrin attachment induce conformational changes on penton base, which could loosen fiber-
penton base interactions and facilitate fiber loss (Nakano et al., 2000; Lindert et al., 2009). In
addition, during attachment, drifting motions of CAR receptor and immobile integrins together
exert forces on the attached virus and trigger initial uncoating events. As a result, fiber is shed
from adenovirus particles and the membrane-lytic internal virion protein VI is exposed(Burckhardt
et al., 2011). Integrin binding also activates cAMP-dependent protein kinase A (PKA), which is
required for efficient retrograde transport and nuclear targeting of adenovirus(Suomalainen et al.,
2001; Scherer et al., 2014).
Endosomal escape Soon after the endocytosis, Ad2/5 penetrates from early endosome to the
cytosol(Gastaldelli et al., 2008). This event appears to happen very fast, with a half time of ap-
proximately 5min (Greber et al., 1993). Ad5 is thought to undergo a second uncoating step in the
endosomes (Greber et al., 1993), where protein VI may be further released inside the endosomes to
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facilitate membrane rupture (Wiethoff et al., 2005). An N-terminal domain of Protein VI has been
reported to induce positive membrane curvature, and ultimately lead to membrane fragmentation
(Wiethoff et al., 2005; Maier and Wiethoff, 2010).
Low-PH exposure in endosomes have proven to be a crucial step for dynein binding. The
interaction between Ad5/hexon and dynein only happens after purified viruses/hexon have been
primed by low PH (PH levels 4.4∼5.4), presumably mimicking passage through the endosomal
pathway. (Bremner et al., 2009; Scherer and Vallee, 2015).
MT dependent transport The AdV which escaped from the endosomes are then transported
bidirectionally by dynein and kinesins along MTs (Suomalainen et al., 1999; Bremner et al., 2009).
Ad5 directly recruits dynein through a hypervariable region on hexon, HVR1, in a PH-dependent
manner, with dynein IC and LIC1 mediating the interaction. PKA phosphorylation on LIC1 fur-
ther enhances the interaction between Ad5 and dynein, contributing to the nuclear targeting of
Ad5 (Scherer et al., 2014). The role of kinesins in adenovirus transport is less well understood.
In contrast to cytoplasmic dynein, an Ad5-associated kinesin, Kif5C, has been reported to func-
tion in disruption of Ad5 capsids and associated nuclear pore complexes (Strunze et al., 2011).
The identification of kinesins responsible for adenovirus transport will be the elaborated in this
dissertation.
Nuclear attachment Ad5 docks at NPC receptor Nup214 to import their DNA for replication.
The capsid may need to undergo a final uncoating step at the NE, which is reported to involve
kinesin-1 (Strunze et al., 2011). Tracking Viral genomes in live cells showed that ∼25% of in-
coming viral genome was misdelivered to the cytosol upon nuclear attachment, indicating that the
capsid may also have to be docked onto the NPC on the right direction to properly deliver its
genome into the nucleus (Wang et al., 2013).
Release and spread The role of MT and MT dependent motors during later stages of aden-
ovirus infection is less well characterized. It is generally accepted that adenovirus replicates and
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assemblies in the nucleus and induce lytic cell death for the release and spread of progeny virions
(Doronin et al., 2003).
1.7.3 Mechanisms of Ad transport by dynein and kinesins
The relatively simple structure and and well characterized entry pathways make adenovirus a great
model system to study the questions raised in Section 1.6: What is the mechanism of bidirectional
transport? Do viruses evolve unique mechanism to recruit dynein and kinesins, or hijack existing
cellular mechanisms? How is directionality determined at different stages of virus infection? What
is the purpose of bidirectional transport?
Half of the story, the dynein part, has been studied for adenovirus in great detail. We have
understood that (1) Adenovirus directly recruit dynein through hexon(Bremner et al., 2009), a
mechanism significantly different from most cellular cargoes, which recruits dynein indirectly via
adaptor proteins, dynactin or NudE/L. (2) Dynactin, but not NudE/L or Lis1, serves as an dynein
activator in adenovirus transport. (3) Adenovirus uses at least two mechanisms to regulate dynein
recruitment: Low PH exposure and LIC1 phosphorylation by PKA. The PKA pathway perhaps
reflects a novel form of host-virus competition, because the exact same mechanism is also involved
in the regulation of lysosome redistribution, but in the reverse direction (Scherer et al., 2014).
The kinesin part of the story, however, was almost completely unknown. Why kinesins are




Mechanisms and roles of plus-end directed
transport prior to Ad5 nuclear targeting
2.1 Introduction
Viruses generally depend on active transport inside host cells as the crowded cytoplasm restricts
their diffusion (Luby-Phelps et al., 1987; Sodeik, 2000). Viruses have evolved mechanisms to
hijack microtubule motor proteins for this purpose during cell entry and egress (Dodding and
Way, 2011). Adenovirus (Suomalainen et al., 1999; Bremner et al., 2009), herpesvirus (Lyman
and Enquist, 2009), vaccinia virus (Ward, 2005), adeno-associated virus (Castle et al., 2014) and
HIV-1 (McDonald et al., 2002; Malikov et al., 2015) each exhibit bidirectional movements along
microtubules (MTs), consistent with possible use of both minus- and plus- directed microtubule
motors. Cytoplasmic dynein, in particular, has been implicated in microtubule minus end-directed
transport for several viruses, but less is known about the contributions of kinesins (Hsieh et al.,
2010) .
The human adenoviruses are non-enveloped, dsDNA particles, consisting of more than 57
serotypes grouped into seven species (Smith et al., 2010). Adenovirus infections are usually
self-limiting, but can have fatal outcomes in immunocompromised patients. However, engineered
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versions are preferred vehicles for vaccine delivery and therapeutic gene transfer (Kremer and Ne-
merow, 2015). Adenovirus enters target cells by receptor-mediated endocytosis (Wiethoff and Ne-
merow, 2015). Following endosomal escape, naked Ad particles travel along microtubules (MT),
and then dock at nuclear pore complexes (NPC) to deliver their DNA genome into the nucleus
(Leopold et al., 2000; Scherer and Vallee, 2011; Suomalainen et al., 1999). In enucleated cells or
those treated with the nuclear export inhibitor leptomycin B, capsids bypass the nucleus and accu-
mulate in the vicinity of the centrosome (Bailey et al., 2003; Strunze et al., 2005). Transport to the
cell center involves the MT minus end-directed motor protein cytoplasmic dynein, and can be in-
hibited by microtubule-destabilizing agents and dynein/dynactin inhibition via dominant negative
cDNAs, RNAi, and acutely injected function-blocking antibodies or inhibitory fragments directed
at dynein subunits (Leopold et al., 2000; Suomalainen et al., 1999; Bremner et al., 2009; Scherer
et al., 2014; Yi et al., 2011).
We have found that cytoplasmic dynein is directly recruited to adenovirus by its major capsid
subunit, hexon, via the dynein intermediate and light intermediate chains (ICs; LICs), without the
need for adaptor proteins used by physiological forms of dynein cargo (Bremner et al., 2009). We
found in addition that exposure of hexon to reduced pH, as would happen during passage through
early endosomes, triggers a reversible change in the hexon hypervariable region 1 (HVR1), to
activate dynein recruitment (Scherer and Vallee, 2015). This function is also markedly stimulated
by PKA, which phosphorylates LIC1 and enhances dynein binding to the virus, while releasing the
motor protein from endogenous cargo sites associated with lysosomes (Scherer et al., 2014).
The role of kinesins in adenovirus transport is less well understood. In contrast to cytoplasmic
dynein, an Ad5-associated kinesin, Kif5C, has been reported to function in disruption of Ad5 cap-
sids and associated nuclear pore complexes (Strunze et al., 2011). However, kinesins responsible
for adenovirus plus-end directed transport along MTs remain to be identified.
In the current study, we performed a RNAi screen of 38 plus-end directed transport kinesins
and identified Kif5B as the major motor responsible for plus end-directed adenovirus transport,
along with several minor kinesins. Kif5B interacted with a distinct capsid subunit from hexon –
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penton base – in a pH-independent manner. Kif5B RNAi caused a marked accumulation of Ad5
particles in the pericentrosomal region and inhibited a novel form of assisted random-walk virus
behavior. These results suggest distinct evolution of dynein and kinesin recruitment to adenovirus
and a coordinated requirement for the two motors in virus entry.
2.2 Results
2.2.1 Screen for the kinesins in adenovirus transport
As a first step toward identifying microtubule plus end-directed kinesins for Ad5 transport we
quantified its redistribution to the nucleus and the pericentrosomal region in human lung epithelial
A549 cells at 0, 30, 60 and 90 min post infection (p.i.). Ad5 particles could be seen to accumulate
in the pericentrosomal region of a small subset of cells by 30min p.i., well before maximal targeting
to the nuclear envelope (Figure 2.1A).
We reasoned that depletion of an Ad5 transport kinesin might, in principle, lead to an increase
in dynein-driven Ad5 accumulation in the pericentrosomal region. We, therefore, designed an
RNAi library for the 38 plus end-directed human kinesin heavy chain genes to test this possibility.
Three days following siRNA treatment, we infected the cells with Ad5 and determined the per-
centage of cells showing pericentrosomal Ad5 capsid accumulation at 30min p.i. (Figure 2.1B,C).
RNAi for Kif5B (Figure 2.1D), a well-known member of the kinesin-1 subfamily, had the
most pronounced effect on virus redistribution, with a 5-fold increase in cells exhibiting clear
pericentrosomal virus accumulation (Figure 2.1C), though nuclear targeting could still be detected
(Figure 2.1E). RNAi directed against the two other kinesin-1 isoforms, Kif5A and Kif5C, also
showed significant, though weaker, effects on virus redistribution to this region of the cell (Figure
2.1C). In addition, we observed increased pericentrosomal accumulation for two kinesin-4 sub-
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Figure 2.1: Screen for kinesins responsible for Ad5 transport during early infection A549
cells were pre-treated with scrambled or kinesin siRNAs, infected with purified Ad5, and then
fixed and stained with anti-hexon, anti-γ-tubulin, and DAPI. (A) Quantification of Ad distribution
in control A549 cells at 0, 30, 60, 90 min p.i (post-infection). (B) Schematic representation of
the RNAi screening procedure with control and Kif5B fluorescence microscopic examples of Ad5-
infected A549 cells exhibiting dispersed vs. pericentrosomally concentrated at 30 min p.i. (C)
Percentage of cells treated with siRNA for 38 kinesin heavy chain genes showing pericentrosomal
Ad accumulation at 30min p.i., displayed as fold change relative to scrambled siRNA condition.
(D) Kif5B knock down efficiency in A549 cell after 3 day exposure to scrambled vs. kinesin
siRNAs tested by immunoblotting with anti-Kif5B antibody. (E) Representative field showing Ad
distribution in control and Kif5B knock down cells
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2.2.2 Role of kinesins in pericentrosomal-specific Ad5 targeting
Although the nucleus is the physiological destination for in-coming capsids (Trotman et al., 2001),
we reasoned that the attachment of the virus to the nucleus terminates motility and complicates
analysis of its underlying mechanisms. We, therefore, treated cells with the nuclear export inhibitor
leptomycin B (LMB), which blocks adenovirus binding to nucleoporins (Strunze et al., 2005). The
percentage of cells exhibiting nuclear accumulation markedly decreased (Figure 2.2A). Those ex-
hibiting pericentrosomal virus accumulation (See Methods) at 30min p.i. increased from 6.1%
to 9.1% after exposure to LMB(Figure 2.2B). Importantly, however, the fraction of cells showing
pericentrosomal virus accumulation dramatically increased to 90.1% after Kif5B knockdown (Fig-
ure 2.2B,C). We also quantified the concentration of individual virus particles reaching the MTOC
by measuring the capsid density in the pericentrosomal region (see Methods). Although there was
considerable variation between cells, this analysis again revealed strong enhancement of Ad5 re-
distribution to the pericentrosomal region upon Kif5B RNAi in LMB treated cells (Figure 2.2D).
These results imply that Kif5B contribtes substantially to Ad5 transport.
Physiological cargo recognition by kinesin-1 is often mediated through its light chains (KLCs).
Indeed, KLCs were previously reported to interact with Ad protein IX (pIX), as part of the mech-
anism mediating nuclear pore disruption and dispersal (Strunze et al., 2011). We tested, therefore,
whether the KLCs might also play a role in Ad5 redistribution to the pericentrosomal region. In
contrast to the Kif5B kinesin heavy chain RNAi, knockdown of KLC1 and KLC2 had no detectable
effect on pericentrosomal virus accumulation in the presence of LMB (Figure 2.2E). Our results,
therefore, support a direct role for the kinesin-1 heavy chain in virus transport.
We also tested the effects of RNAi directed at our other kinesin heavy chain candidates in LMB-
treated cells. As for Kif5B, RNAi against Kif5A, Kif5C and Kif4A each increased the number of
infected cells showing pericentrosomal Ad5 accumulation by 2-3-fold in the presence of LMB
(Figure 2.3A). We note that Kif5A and C are expressed at much lower levels than Kif5B in A549
cells (Source: Protein Abundance Database, http://pax-db.org/), suggesting that all three isoforms
might contribute to Ad5 transport, but in proportion to their abundance. To test the functional
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relationship between the isoforms and as a control for potential off-target Kif5B RNAi effects we
determined the ability of each of the Kif5 isoforms to compensate for Kif5B knockdown. We
observed clear rescue in each case, suggesting that the three kinesin-1 isoforms contribute to a
common function, though with the most abundant form, Kif5B, playing by far the most substantial
role in Ad5 transport (Figure 2.3B,C). Interestingly, Kif4A overexpression also rescued the effects
of Kif5B knockdown on virus redistribution (Figure 2.3B,C). Kif21A was not tested in light of its
relatively minor contribution.
2.2.3 Contribution of Kif5B to Adenovirus behavior in live cells
To test the role of Kif5B in adenovirus behavior more directly, we imaged Alexa-546-labeled Ad5
in live, LMB-treated A549 cells between 15 to 75 min p.i. at 30 second intervals. Net particle
movement towards the pericentrosomal region was observed in 13 out of 23 Kif5B siRNA-treated
cells, compared to 2 out of 24 scrambled siRNA- treated cells (Figure 2.4A).
We also examined individual virus capsid motility at higher temporal resolution (23 frames/second,
fps) for 15 to 30min p.i., a period when capsids appear to undergo the greatest redistribution toward
the centrosome in LMB-treated cells. Diffusional and stationary tracks were filtered out as part of
the particle-tracking analysis (Bremner et al., 2009). In Kif5B knockdown cells we observed a sig-
nificant, but relatively small increase in MT plus end run length, and a more pronounced increase
in minus end run length (Figure 2.4B). A small, but statistically significant (p<0.01) change in the
relative frequency of plus- vs. minus-end runs and pauses could also be detected (Figure 2.4D),
but virus transport velocity was unaffected (Figure 2.4C). The persistence of MT plus end-directed
runs in our overall motility analysis ((Figure 2.4B,C,D) suggests incomplete reduction in plus end-
directed motor activity due to incomplete Kif5B knockdown or the persistent contribution of other
kinesins identified in our screen. Combined RNAi analysis for multiple kinesins showed no clear
enhancement of MT plus end transport, but how this related to efficiency of knockdown for the
individual components, or non-overlapping kinesin functions could not readily be discerned.
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Figure 2.2: Effect of Kif5B RNAi on Ad5 distribution in the presence of leptomycin B (LMB)
Quantification of Ad5 distribution in LMB treated (A) control-siRNA- and (B) kinesin-siRNA-
treated A549 cells at indicated times post infection. (C) Representative fields of Ad5 (anti-Ad5) vs.
centrosomes (anti-γ-tubulin) in LMB treated control vs. kinesin knockdown cells. (D) Beeswarm
plot of relative pericentrosomal virus density (see Methods) from multiple Ad5-infected cells pre-
exposed to scrambled and Kif5B siRNAs, with our without LMB exposure. The top, middle, and
bottoms lines in each box are the 25th, average, and 75th percentile, respectively. (E) Quantifica-





























































Kinesin hits siRNA + LMB B. A. 







































































+ Kif5B siRNA ; + LMB 





Figure 2.3: Effect of other positive kinesins on Ad distribution with LMB (A) A549 cells were
transfected with siRNA pools for kinesins implicated in Ad5 transport (Figure 1), infected with
Ad5 in the presence of LMB, and the fraction of cells exhibiting centrosomal virus accumulation
by 30 min p. i. is shown (B) Kif5B RNAi rescue analysis. Cells were also transfected with RNAi-
insensitive cDNAs encoding the kinein forms shown at bottom. Data show % of cells exhibiting
centrosomal virus accumulation at 30 min p. i. in presence of LMB (C) Representative field show-
ing Ad5 distribution in Kif5B siRNA-treated cells rescued by GFP, GFP-Kif5A, siRNA resistant
GFP-Kif5B, RFP-Kif5C, or GFP-Kif4A.
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tracking analysis, numerous capsids exhibited “wandering” behaviors within the cytoplasm over
several minutes (Figure 2.4F). To examine whether Kif5B contributes to this behavior we analyzed
capsid trajectories over 10 min intervals at 0.5 frame per second. Local virus movements appeared
to be stochastic (Figure 2.4F). This was directly confirmed by analysis of mean squared displace-
ment (MSD), which increased linearly with time (Figure 2.4G,H). However, the cytoplasmic area
covered by individual virus particles appeared to be reduced by Kif5B knockdown (Figure 2.4F).
Maximum displacement was reduced (Figure 2.4K), as was MSD. These plots were again linear,
but with a decreased slope for Kif5B knockdown (Figure 2.4I). These results support random virus
movement assisted by MT dependent motor proteins, the range of which behavior is controlled by
Kif5B.
We also tested the effect of Kif5B knockdown on Ad infectivity using a fluorescence focus
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Figure 2.4: Effect of Kif5B on over-all Ad5 transport (A) LMB treated A549 cells were infected
with Alexa-546-Ad5, the virus particles were monitored live for 60 min at 30 second interval to test
for over-all redistribution the centrosomal region. Time series of enlarged images of boxed areas in
scrambled and Kif5B siRNA treated cells infected by Alexa-546 labeled Ad5 (Left panel) spanning
from the nuclear envelope (NE) to the plasma membrane (PM), and showing time dependent con-
centration of virus particles toward centrosome at bottom. (B-D)(B) Run length, (C) velocity and
(D) frequency of Ad5 movements obtained automated particle tracking analysis (Bremner et al.,
2009) of 23fps 2-min recordings of Ad behavior from 10-30min p.i. under each condition. (E)
Quantification of Ad infectivity in control and Kif5B knockedown cells revealed by Ad fluorescent
focus assay. (F) Examples of Ad5 tracks from control and Kif5B knock down cells at 40-50min p.i.
(Recorded at 0.5 fps). Individual viruses exhibited a stochastic wandering behavior in both control
and Kif5B knock down cells, but the extent of exploration was reduced by in Kif5B RNAi. The
starting and end points of each track are labeled in cyan and red, respectively. (G-H) Enlarged rep-
resentations of the boxed Ad5 track in (G) control and H) Kif5B knock down cells (Mean square
displacement (MSD) for each track increased linearly with time, supporting stochastic, diffusion-
like behavior. (I) Mean MSD values as a function of time from control or Kif5B knockdown virus
tracks for >300 tracks in scrambled- or Kif5B- siRNA treated cells, with 95% confidence inter-
val indicated with error bars. A reduced slope for Kif5B knockdown is consistent with assisted
diffusion, but at a lower rate, i.e., reduced exploration of the cytoplasm. (J-K) Average of values
for apparent diffusion coefficient (J) and maximal displacement (K) of >300 Ad5 tracks for each








Figure 2.5: Physiological interaction between adenovirus and kinesin-1 (A) Immunoisolated
Ad5 capsids or hexon alone were exposed transiently to pH7.4 or 4.4 buffer, and then incubated
at pH 7.4 with a rat brain kinesin fraction. Kinesin-1 (Kif5) coimmunoprecitated with adenovirus
capsids, but not with hexon alone, and independent of pH . AB HC: antibody heavy chain. (B)
Coimmunoprecipitation of adenovirus capsids with kinesin-1, isolated from brain kinesin frac-
tion using H2 monoclonal antibody. Capsid components in immunoprecipitate included penton
base, PB: protein V, pVI: protein VI. (C) Purification of Ad5 penton-dodecahedra (Pt-Dd) from in-
fected 293A cell lysate, stained with Coomassie blue, show preparation following anion exchange
chromatography (AEC), size exclusion chromatography (SEC), and sucrose gradient centrifuca-
tion (SGC). (D) Immunoisolated kinesin-1 but not cytoplasmic dynein (MAB1618) with purified
Pt-Dd, independent of Pt-Dd exposure to pH4.4. (E) Immunoisolated kinesin-1 (MAB1614) pull-
down of recombinant penton base, but not hexon, pIX or GFP expressed in 293A cells for 24h.
(F) Penton-base pull-down of kinesin: Myc-tagged penton base was coexpressed with GFP, GFP-
Kif5A, GFP-Kif5B, and RFP-Kif5C in 293A cells for 24h and lysates were subjected to anti-myc
immunoprecipitation. All three Kif5 isoforms coimmunoprecipitated with myc-penton base to
similar levels. (G) GFP-tagged Kif5B heavy chain and the kinesin light chains KLC1 and KLC2
were coexpressed with penton base-myc in 293A cells for 24h and lysates were subjected to anti-
GFP immunoprecipitation. Penton base coimmunoprecipitated with Kif5B, but neither kinesin
light chain. (H) Schematic representation of the KHC (KIF5B) polypeptide and summary of the
penton base binding result (data in panel I). Penton base bound Kif5B constructs which contain
the central hinge region between stalk 1 and stalk 2. MD: motor domain, NL: neck linker. (I)
GFP-Kif5B truncation constructs were expressed in 293A cells and lysates were subjected to anti-
GFP immunoprecipitation. Upon addition of purified Pt-Dd, binding was assessed by Western
blotting with anti-GFP and anti-PB antibodies. Julian Scherer conducted this part of experiments
and provided data.
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2.2.4 Physical association of Adenovirus with Kif5B
Julian Scherer conducted this part of experiments and provided data.
We previously found that cytoplasmic dynein is recruited to Ad5 by the major capsid subunit
hexon, activated for binding by low pH priming (Bremner et al., 2009; Scherer and Vallee, 2015).
To define the mechanism for Kif5B recruitment we tested for a physical interaction with capsid
subunits. We used an anti-hexon monoclonal antibody to immuno-purify intact Ad5 capsids or
hexon alone (Scherer and Vallee, 2015), with and without transient low pH exposure. We then
tested for co-immunoprecipitation of kinesins from an GTP-release fraction of MT binding pro-
teins isolated from rat brain cytosolic extracts (Paschal and Vallee, 1987). Kinesin-1 could be
readily detected to co-immunoprecipitate with Ad5 capsid, but not with hexon. In contrast to
dynein (Bremner et al., 2009; Scherer and Vallee, 2015), the kinesin-1-virus interaction was un-
affected by prior exposure of capsids to reduced pH (Figure 2.5A). In reciprocal experiments, we
also found Ad5 capsids to co-immunoprecipitate with kinesin-1 (Figure 2.5B).
The absence of a hexon-kinesin-1 interaction suggested the involvement of another capsid pro-
tein. Potential candidates should, in principle, be exposed at the capsid surface during cytoplasmic
transport. Candidates includes the major capsid subunit penton base and the minor capsid pro-
tein IX, which has been reported to interact with KLC1 (Strunze et al., 2011). Notably, the third
major capsid component, fiber, is lost during initial endocytosis of the virus at the plasma mem-
brane (Greber et al., 2013). Based on these considerations we first tested a penton base-containing
subassembly for kinesin-1 binding. We isolated penton dodecahedron complexes (Pt-Dd) found
in Ad-infected cells following lysis, which are composed of an ordered assembly of penton base
and fiber subunits (Norrby, 1969)(Figure 2.5C) organized in a manner closely resembling that in
the complete Ad capsid (Szolajska et al., 2012). We clearly detected Pt-Dd in kinesin-1, but not in
cytoplasmic dynein, pull-downs (Figure 2.5D). Given the unlikely role for fiber in kinesin-1 recruit-
ment, these results suggest that Ad5 likely interacts with kinesin-1 through penton base. We also
expressed individual capsid subunits in 293A cells and found that kinesin-1 co-immunoprecipitated
with HA-tagged penton base, but not hexon or pIX (Figure 2.5E). To test the ability of the three
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Kif5 isoforms to bind to penton base, we co-expressed myc-tagged penton base with fluorescent
protein-tagged versions of Kif5A, B, or C in 293A cells. After anti-myc IPs of the cell lysates,
we detected similar amounts of each of the three isoforms, but not GFP alone (Figure 2.5F), con-
sistent with the ability of the three kinesin-1 isoforms to rescue Kif5B RNAi (Figure 2.5B,C).
We also co-expressed myc-tagged penton base with the kinesin light chains GFP-KLC1 and -
KLC2. We saw no detectable interaction between penton base the kinesin light chains (Figure
2.5G), consistent with our KLC RNAi analysis (Figure 2.2E). Each of the kinesin-1 heavy chain
polypeptides consists of an N-terminal motor domain, followed a neck linker region, and highly
elongated coiled-coil helical-containing stalk and tail domains (Figure 2.5H). The stalk consists
of two coiled-coil regions separated by a predicted hinge domain. The tail mediates physiological
cargo interactions either directly or through the kinesin light chains (Dodding and Way, 2011; Hi-
rokawa et al., 2009; Verhey and Hammond, 2009). To define the penton base binding site within
the kinesin-1 heavy chain, we generated GFP-tagged fragments of the Kif5B heavy chain (Figure
2.5H). Only constructs spanning the hinge region showed a detectable interaction with expressed
penton base (Figure 2.5I). These results indicate that the interaction is mediated by the central por-
tion of the Kif5B stalk, possibly including the hinge region. We note that the penton base binding
region partially overlaps with that of JIP1 (Fu and Holzbaur, 2013).
2.3 Discussion
Adenovirus exhibits bidirectional transport along microtubules during the early stages of infection.
MT minus end-directed Ad transport to the cell center is governed by cytoplasmic dynein, but
the mechanism and purpose of MT plus end-directed adenovirus transport has remained an open
question. Here we have identified a major form of kinesin-1, Kif5B, responsible for plus end-
directed Ad transport, and minor contributions from additional kinesin isoforms. These results,
together with our previous findings, provide the first detailed mechanism for bidirectional transport
of incoming virus, with important implications for understanding the evolution of viral motor
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protein recruitment and the role of kinesins in infection.
2.3.1 Identification of Ad5 transport kinesins
A number of viruses have been found to rely on kinesin-mediated transport, but most data have
focused on a potential role for this class of motor proteins in virus egress (Dodding and Way, 2011;
Greber and Way, 2006). Members of the kinesin-1 family (Kif5) have been found to interact with
HSV1 inner tegument proteins (Radtke et al., 2010) and are required for HIV-1 early infection
(Malikov et al., 2015), though whether the kinesin directly transports virus particles has not been
fully determined. We have identified a role of Kif5B in Ad transport prior to capsid binding to the
nucleus. For our analysis, we focused on the time period between endosomal escape and nuclear
envelope binding, when Ad5 transport is likely to depend on a direct interaction between capsid
and kinesins or their recruitment factors (Gastaldelli et al., 2008; Scherer and Vallee, 2011; Wang
et al., 2013). We have now found a direct interaction of the major capsid protein penton base with
the Kif5 heavy chain, which is distinct from the pH- and PKA-sensitive Ad hexon interaction with
cytoplasmic dynein (Bremner et al., 2009; Scherer and Vallee, 2015; Scherer et al., 2014).
Using an RNAi screen of 38 MT plus end-directed kinesin heavy chains we have found Kif5B
to be the dominant transport kinesin for Ad5. Our evidence also suggests a role for additional
kinesins, including the kinesin-1 family members Kif5A and Kif5C. Importantly, expression of
each of the kinesin-1 isoform rescued the effects of Kif5B RNAi, suggesting that they are fully
capable of adenovirus transport, though they are expressed at too low concentrations to make an
important quantitative contribution.
Two kinesin-4 family members, Kif4A and Kif21A, were also implicated by our analysis in
plus-end directed adenovirus transport. Kif4A has been suggested to contribute to transport of
HIV Gap proteins (Martinez et al., 2008), and Kif4A- mediated microtubule stabilization enhanced
early of HIV-1 infection (Sabo et al., 2013). Both Kif4A and Kif21A have previously been reported
to regulate microtubule dynamics and stabilization (Morris et al., 2014; van der Vaart et al., 2013).
Whether these kinesins affect in-coming Ad5 redistribution (Figure 2.3A). through changes in
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microtubule stability or direct effects on virus transport is uncertain.
Although kinesins play a role during egress of other viruses from infected cells (Kramer et al.,
2012; Rietdorf et al., 2001; Jeshtadi et al., 2010; Danquah et al., 2012), there is no evidence for an
equivalent role during adenovirus infection. Instead, adenovirus replicates and assembles within
the nucleus and induces lytic cell death to release and spread its progeny virions (Doronin et al.,
2003). Thus, the role we identify for Kif5B and the other kinesins found in our screen in early
infection seems to be the predominant one for kinesins in this system.
2.3.2 Distinct mechanism for kinesin-1 recruitment to adenovirus
Previously we reported that low pH-primed Ad5 directly recruits the cytoplasmic dynein IC and
LIC1 subunits through the hexon hypervariable region HVR1(Scherer and Vallee, 2015; Scherer
et al., 2014). Here, we identify a distinct kinesin-1 recruitment mechanism, which is indepen-
dent of pH and hexon, but, instead, involves another major Ad capsid protein, penton base. We
found this subunit to interact with the Kif5A, B, and C heavy chains, and mapped the penton
base binding site to the kinesin stalk. Although this region is not well-conserved among the Kif5
isoforms, we suspect there must be sufficient structural conservation to support the penton base
interaction in each case. Several cellular proteins have been found to interact directly with the ki-
nesin heavy chain, including JIP1 (Fu and Holzbaur, 2013), JIP3 (Sun et al., 2013), Milton (Glater
et al., 2006), components of an mRNP complex (Kanai et al., 2004), syntabulin (Cai et al., 2005;
Su et al., 2004), SNAP25 (Diefenbach et al., 2002), DISC1 (Taya et al., 2007), GRIP1 (Setou
et al., 2002), Fez1/unc76 (Blasius et al., 2007; Gindhart et al., 2003), RanPB2 (Cho et al., 2007),
ensconsin (Barlan et al., 2013; Metzger et al., 2012), mNUDC (Yamada et al., 2010), BicD1 and
BicD2 (Grigoriev et al., 2007), and not through the kinesin light chains (Hirokawa et al., 2009).
Whereas most kinesin-1 heavy chain interactions occur through its tail domain, JIP1 can also bind
within the stalk. Kinesin-1 can fold via its central hinge to allow the tail to bind to and inhibit the
motor domain (Coy et al., 1999). The region of the kinesin-1 stalk implicated by our analysis in
penton base binding raises the possibility that Ad5 may have evolved to select for, or induce, the
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unfolded, activated kinein-1 state. Finally, although the KLCs have been reported to interact with
the Ad5 capsid subunit pIX (Strunze et al., 2011), we saw no indication of kinesin-1 coimmuno-
precipitation with pIX in our cultured cell lysates. Furthermore, knockdown of KLC1 or KLC2
had no detectable effect on the redistribution and transport of Ad capsids (Figure 2.2E). The basis
for the difference between studies is unclear.
2.3.3 Evolutionary role of kinesin-1 in adenovirus infection
Adenovirus recruitment of cytoplasmic dynein would seem to provide the evolutionary advantage
of aiding virus transport toward the nucleus. A potential role for kinesins has been less clear.
One hypothesis is that kinesin recruitment evolved as a means to defend the cell from viral attack,
keeping virus particles from reaching the cell center. This seems an unlikely model, as viruses de-
fective in kinesin binding would have an evolutionary advantage, and should quickly out-compete
a kinesin-recruiting strain.
A second hypothesis is that kinesins might be needed to counteract the tendency of cytoplasmic
dynein alone to accumulate virus particles in the pericentrosomal region, behavior observed in
dramatic form in LMB-treated cells (Figure 2.2B,C). This effect is much less pronouced in control
vs. kinesin knockdown cells, indicating that kinesins do contribute to a more dispersed virus
distribution. Analysis of Ad5 capsid distribution during the early stages of infection, however,
revealed little tendency to congregate at the centrosome prior to reaching the nuclear envelope
(Figure 2.1A), arguing against a requirement for the virus to visit the pericentrosomal region before
transport to the nucleus.
Another hypothesis, raised in this study, is that the dynein/kinesin mediated bidirectional Ad5
movement allows capsids to explore the cytoplasm more fully. Despite a basic role for the motor
proteins in linear cargo transport along MTs, we find capsid movements to appear disordered. The
result of this behavior for many particles is a seemingly random-walk form of behavior, the mag-
nitude of which depend on Kif5B. We suspect, therefore, that the combined effect of MT plus end-
and minus end-directed MT motor proteins is to permit broad and relatively rapid exploration of
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Figure 2.6: Diagrammatic representation of Ad5-motor protein interactions and transport
(A) Adenovirus showing interactions with cytoplasmic dynein (Bremner et al., 2009; Scherer et
al., 2014) and kinesin-1 (this study). Although some penton base may be lost during entry into
cells (Greber et al., 1993), penton base is detectable on capsids at the nucleus (Bremner et al.,
2009). Adenovirus penton base recruits the kinesin heavy chain through the Kif5 stalk region.
(B) Adenovirus behavior in cultured A549 cell. Ad5 exhibits bidirectional transport mediated by
cytoplasmic dynein and, based on the current study, kinesin-1, with minor assistance from other
kineisns. Ad5 (yellow capsids) is able to actively explore a substantial region of the cytoplasm
(yellow region) using a motor-driven assisted diffusion mechanism. With reduction in the level of
kinesin-1s, Ad5 (cyan capsids) accumulates near the centrosome and exhibits less extensive explo-
ration (blue region). (C) Presumptive adenovirus behavior in multiciliated airway epithelial cell.
Microtubule minus end- and plus end-directed motor proteins (cytoplasmnic dynein and Kif5B)
may have somewhat different roles in their differentiated target cells, because of the distinct orga-
nization of MTs. Bidirectional Ad5 transport may in this case be required for the virus to explore
the apical-basal axis of the cell and more efficiently locate the nucleus.
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the cytoplasm. We also reason that centrosomes, where MT minus ends are concentrated, provide
a cul-de-sac for the virus, which the kinesins normally help to avoid. The exploratory movements
we observe, importantly, and not initiated in the centrosomal region, as if to reroute the virus to
the nucleus (Radtke et al., 2006). Rather, we observe exploratory virus behavior throughout the
cytoplasm. This observation is consistent with a broader role for an assisted diffusion mechanism
in helping virus particles exploring the entire cytoplasmic space. According to this reasoning,
kinesin recruitment should maintain virus particles in an exploratory state until they interact irre-
versibly with nuclear pores, thus promoting infectivity. Kif5B knockdown did, indeed, reduceAd5
infectivity in cells, supporting a role for kinesin-1 in aiding the virus in the early stages of infection.
Another form of exploration behavior has been observed for vaccinia and baculoviruses, which
take advantage of the actin polymerization machinery to move within cells, either to reach the
nucleus (Ohkawa et al., 2010) or to spread to neighboring cells (Cudmore et al., 1995; Tilney
et al., 1992). Our data suggest that adenovirus, and, perhaps, other pathogens, may have evolved
a distinct microtubule-based mechanism to explore the cytoplasm, by recruiting both plus-end
and minus-end motors. We also note that diverse forms of vesicular motor protein cargo exhibit
relatively random MT motor-driven movements in nonneuronal cells. Conceivably this represents
another manifestation of cytoplasmic exploration, to enhance the chance of cargoes, such as Golgi
vesicles, to encounter sites of docking and fusion with other membranous structures.
We note that Kif5B depletion reduced adenovirus infectivity by only 20%, as opposed to the
effects of nocodazole (>75%) or cytoplasmic dynein light intermediate chain knock down (45%)
(Scherer et al., 2014). This difference may reflect incomplete knockdown of Kif5B and/or the mul-
tiplicity of adenovirus-associated kinesin isoforms we have detected (Mabit et al., 2002). Another
complicating factor in analysis of kinesin contributions is the morphology of the non-polarized
A549 cells used in these studies, and the relative short distance required to reach the nuclear sur-
face, especially for viruses that enter at nearby regions of the plasma membrane.
In fact, we expect Kif5B and the other kinesins identified in this study to play a more critical
role in more highly differentiated cells. Polarized lung epithelial cells, similar to other epithelia,
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have a distinct arrangement of MTs and organelles, with centrosomes located apically and the
nucleus basolaterally (Tang and Marshall, 2012). MTs tend to have a more columnar apical-basal
arrangement (Reilein et al., 2005), as well as a disordered subapical array distinct from the more
radial organization in the A549 cells used commonly for adenovirus analysis. We reason that
in polarized epithelia cytoplasmic dynein and kinesin-1 may facilitate navigation of adenoviruses
along the vertical axis of the cell, and, more randomly, through the apical MT meshwork, to allow
capsids to find the nucleus efficiently. Further work will be needed to test the role of cytoplasmic
dynein and kinesins in adenovirus infection of differentiated cells.
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Chapter 3
Role of MTs, centrosomes and kinesin-1 in
Ad5 nuclear targeting
3.1 Introduction
Nucleus is the destination for replication of many viruses (Flint et al., 2015). To target their viral
genomes to the nucleus of the host cell, many viruses have evolved to take advantage of the MT
shuttling system. Cytoplasmic dynein has been targeted for virus transport to the MT minus ends
organized at the centrosome, the MT-organization center. This has been demonstrated for aden-
ovirus, herpesvirus, parvovirus and human foamy virus, HIV-1(Table 1.3), based on the effects of
dynein inhibition on virus transport and infectivity, and on interactions between dynein and capsid
subunits(Dodding and Way, 2011; Radtke et al., 2006; Greber and Way, 2006; Dohner et al., 2005).
However, it is largely unknown how these viruses or subviral particles get from MTs to nucleus
(Dohner et al., 2005).
Adenovirus is a dsDNA virus which needs to import its DNA into the nucleus for replication.
Following bidirectional MT-based transport, Ad2/5 docks onto its NPC receptor, fibril protein
Nup214, binds to histone H1 and undergoes final disassembly to free their DNA for import (Trot-
man et al., 2001; Strunze et al., 2011). Unexpectedly, nuclear targeting of Ad2/5 also requires
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nuclear export factor CRM1 (Strunze et al., 2005). Inhibitor of CRM1 such as leptomycin B
strongly blocks adenovirus attachment to the NPC and arrests Ad2/5 in the cytoplasmic transport
stage, by an unknown mechanism.
In LMB treated cells, ennucleated cells and mitotic cells, Ad2/5 are enriched in the pericen-
trosomal region (Strunze et al., 2005; Bailey et al., 2003). In addition, pericentrosomal Ad2/5 can
also be clearly observed during its infection in Monkey TC-7 and Cos-7 cells, which have a nice
radial array of MTs (Suomalainen et al., 1999). Two models, therefore, have been proposed to ex-
plain the transmission of adenovirus from MTs to the nucleus: (1) Centrosomal diffusion model:
after transported to the centrosomes by dynein, Ad2/5 diffuses from the centrosomes towards the
nucleus, due to the proximity of centrosomes and nucleus; (2) Transport model: viral particles
use plus-end-directed MT motors to proceed from the centrosome towards the nucleus. In the
last chapter, we proposed cytoplasmic exploration model as an extension of transport model. In
this study, we show that Ad5 attachment to the nucleus is independent of centrosome positioning,
therefore arguing against the diffusion model. We found immobile adenovirus in the proximity of
MTs near the nucleus, possibly due to docking on the nucleus along the way of transport. Kinesin-
1 inhibition does not affect NPC attachment, but changes the distribution of attached Ad5 over the




3.2.1 Identification of NPC attached Ad5
To identify NPC attached viruses, we first compared the movement behavior of Alexa-546 labeled
Ad5 in the nuclear and cytoplasmic region at 60min p.i., when a substantial amount of viruses
should have arrived the nucleus (Bremner et al., 2009). By maximum intensity projection on the
time-stack, we were able to plot the paths of Ad5 movement in Cos7 cells (Figure 3.1A). Actively
transported Ad5 typically leave a linear path on the time-stack projection, and immobile particles
are characterized by a dot-like path. While most cytoplasmic Ad5 actively move in cells, a subset
of Ad5 on the nucleus area is remarkably immobile(Figure 3.1A,B). The same phenomenon was
also observed in A549 cells. A subset of Ad5 in the nuclear region stays immobile for more
than 15min, suggesting a stable interaction with the nuclear envelope (NE). Treatment of LMB,
which prevents nuclear targeting of Ad5 (Strunze et al., 2005), eliminated this fraction of immobile
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Figure 3.1: Immobile Ad5 on the nucleus at 60min p.i. (A) Cos7 cells were infected with
Alexa-546 labeled Ad5, and then imaged from 60-61min p.i. at 1 frame/s. A maximum intensity
projection of the video on the time-stack is displayed to show paths of Ad5 movement. (B) Time-
stack projection and time series of Ad5 movements in the enlarged boxed areas in (A). upper:
dynamic Ad5 behavior in a representative cytoplasmic area (cyan box area). lower: more stationary
Ad5 behavior in a representative nuclear area (yellow box area). (C) Time-stack projection and
time series of Ad5 movement in the nuclear region of a representative A549 cell, with or without
treatment of LMB. Stationary Ad5 on the nuclear region can be clearly observed in control A549
cells (upper panels, orange arrows), but not in LMB-treated A549 cells (lower panels).
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3.2.2 Direct observation of Ad5 switching from MT-dependent transport to
NPC attachment
The correlation between immobile adenovirus and nucleus association shed light to a way to di-
rectly observe Ad5 switching from MT-dependent transport to NPC attachment. To directly visu-
alize Ad5 behavior along MTs and on the nucleus, we transfected Cos7 cells with GFP-EB3, infect
these cells with Alexa-546 labeled Ad5, and imaged Ad5 and MTs for 10min. Although EB3 is
frequently used to label MT plus ends, intermediate levels of expressed GFP-EB3 decorate the
entire MTs with a high signal to background ratio and minimal MT bundling effect(Figure 3.2A).
Bidirectional adenovirus movement along a single MT can clearly be observed in the perinuclear
region(Figure 3.2B,C). Immobile Ad5 can also be clearly detected in the nuclear region, as deter-
mined by Ad5 path traces(Figure 3.2C, pointed by yellow triangles). Interestingly, most immobile
Ad5 are found in close proximity to microtubules, indicating unloading of Ad5 from MTs near the
nuclear pore complexes.
To examine how Ad5 switches from MT-based transport to nuclear targeting, we look for Ad5
particles that are initially transported along MTs near the nucleus and become immobile after-
wards. An example is shown in Figure 3.2D. The virus was first transported in the same direction
of MT growth, or, plus-end direction, then slowed down and paused. After a long pause inter-
sected by small drifts (possibly some small bidirectional transport event) along the MTs, the virus
eventually stopped and stayed immobile from 4-6 min as MTs swung away, possibly reflecting
an successful docking on the NPC(Figure 3.2 D,E). This observation indicates that Ad5 nuclear
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Figure 3.2: Dual color live imaging of Ad5 and MTs Cos7 cells were transfected with GFP-EB3,
infected with Alexa-546 labeled Ad5, and imaged from 50 min to 60 min p.i. at 20 frames/second
under spinning disk confocal microscopy. (A) A representative Cos7 cell with GFP-EB3 labeled
MT and Alexa-546 labeled Ad5. (B-C) 40s time series kymograph (B) and time-stack projection
(C) in the perinuclear region in (A). A bidirectionally moving Ad5 in the cyan boxed region on A
is shown in (B). The travel path of the same Ad5, which aligns well with a MT in (C), is pointed
by a cyan arrow. Yellow arrows in (C) point to several immobile Ad5 capsids in close proximity
of several other MTs. (D-E) 6 min Time series kymograph (D) and projection (E) of Alexa-546
labeledAd5 and EB3 labeled MT in the yellow boxed region of (A). Grey arrow points to an Ad5
which is first transported towards the plus end of MTs, then paused, and finally become immobile
from 4-6min. Notice that the virus stays immobile on the nuclear region even when the MT drifted
away (D, 6 min).
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3.2.3 Ad5 attaches to the nucleus independent of centrosome position
Due to the proximity of centrosome and the nucleus, centrosomes has been suggested to be a key
intermediate point for most Ad5 to diffuse toward the nucleus after minus-end directed transport.
If the diffusion model applies to most Ad5, the distance between centrosomes and nucleus will be
a limiting factor for Ad5 nuclear targeting. To test this, we first sought for methods to displace
centrosome from the nucleus. A balance between dynein- and kinesin- generated forces on the NE
is crucial for keeping centrosome in place, especially in G2 cells(Splinter et al., 2010; Bolhy et al.,
2011; Baffet et al., 2015). We, therefore, tried three ways to displace centrosomes: (1) inhibit
dynein recruitment on the NE during late G2 by treatment of CDK1 inhibitor, RO-3306 (Baffet
et al., 2015); (2) promote kinesin recruitment by overexpressing nesprin-4, a KASH protein that
interacts with kinesin-1; (3) forcefully recruit kinesin-1 to the NE by co-expressing FKBP-GFP-
KASH (Roux et al., 2009) and HA-Kif5B(1-807)-FRB (Wilson and Holzbaur, 2015) and ligand
induced dimerization (Figure 3.3B,C). RO-3306 treatment most efficiently displaced centrosome
from the nucleus in late G2 cells (Figure 3.3A), consistent with previous reports(Baffet et al.,
2015).
We next tested Ad5 behavior in A549 cells with displaced centrosomes. Centrosome displace-
ment does not affect Ad5 attachment to the nucleus (Figure 3.4A), indicating that Ad5 is able to
attach to the NPC independent of centrosome position and arguing against the centrosomal dif-
fusion model. Ad5 movement in cells with displaced centrosomes exhibit an "assisted diffusion"
type of behavior(Figure 2.4F, Figure 3.4B). We reason that cytoplasmic exploration by both dynein
and kinesins may contribute to Ad5 nuclear targeting when the centrosome is separated from the
nucleus.
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Figure 3.3: CDK1 inhibition efficiently displaces centrosomes from the nucleus Comparison of
several methods to displace centrosomes from the nucleus. (A) A549 cells were treated with 28µM
RO-3306 for 8 hours, fixed, and stained with anti-cyclin B1, anti-γ-tubulin and DAPI. Yellow
arrows point to efficiently displaced centrosomes in late G2 cells. (B) A549 cells were transfected
with GFP-Nesprin-4, and stained with anti-GFP, anti-γ-tubulin and DAPI. Yellow arrow points
to a mildly displaced centrosome. Many other GFP-Nesprin-4 overexpressing cells do not show
obvious centrosome displacement. (C) A549 cells were cotransfected with FKBP-GFP-KASH
and HA-Kif5B(1-807)-FRB for 24 hours, treated with 500nM A/C Heterodimerizer ligand for 8
hours, and stained with anti-GFP, anti-γ-tubulin and DAPI. Yellow arrows point to mildly displaced
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Figure 3.4: Ad5 attaches to the nucleus independent of centrosome position (A) A549 cells
were treated with 28µM RO-3306 for 8 hours to displace centrosomes from the nucleus, infected
with Ad5, fixed at 20, 60, 120min p.i., and stained with anti-Ad5, anti-γ-tubulin and DAPI. Ad5
distribution at different time post infection is not obviously affected by centrosome displacement.
(B) A549 cells were transfected with centrosome marker GFP-Nedd1, treated with RO-3306 for
8 hours for centrosome displacement, infected with Alexa-546 labeled Ad5 and imaged every 20s
from 10-70min p.i. A representative A549 cell is shown with its brightfield snapshot (Left), GFP-
Nedd1 labeled centrosomes (Middle), and Ad5 transport paths revealed by the particle tracking
program (Right). Red stars mark positions of centrosomes revealed by GFP-Nedd1 signal.
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3.2.4 Ad5 colocalizes with NPC under super-resolution microscope
The NPC component Nup214 is a reported Ad5 docking site at the NE (Trotman et al., 2001). We
next used structured illumination microscopy(SIM) to directly test the attachment of Ad5 to the
NPC. 3-D reconstruction of Ad5 distribution in cells at 60min p.i. showed a striking hollow disk-
shaped profile of Ad in the nucleus region reminiscent of the NE (Figure 3.5A). Co-staining of
Ad5 with Ran-GAP1 revealed a remarkable colocalization/attachment between Ad5 and NPC on
the nucleus surface (Figure 3.5 B,C), the rate of which increases with time post infection (Figure
3.5 E,F). Interestingly, a small fraction of Ad also colocalizes with NPC in the cytoplasm as early










































































































































Figure 3.5: Ad5 colocalizes with NPC under super-resolution microscope A549 cells was in-
fected with Ad5, fixed at 15 min or 60 min p.i., stained with anti-Hexon antibody, and imaged
under SIM microscopy. (A) 3-D SIM reconstruction of Ad5 distribution in a A549 cell at 60 min
p.i. Both front and side image of the reconstruction is shown. (B) Colocalization between Ad5
and NPC marker RanGAP1 on a nucleus z-section. Enlarged boxed area is shown in left. (C-E)
Quantification of NPC colocalization rate for nuclear Ad5 at 60 min (C) and 15 min p.i. (E). , and
NPC colocalization rate for cytoplasmic Ad5 at 60 min p.i.(D). The negative control was provided
by quantifying the colocalization rate for the same image, but after rotation of the Ad5 channel by
90 degrees (shown as “Rotated” column), a condition in which only random colocalization should
be observed. (F) Comparison of NPC colocalization rate for nuclear Ad5 in scrambled and Kif5B
knock down cells.
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Figure 3.6: 3-D reconstruction of Ad5 distribution in cells at 60 min p.i. in scrambled siRNA
treated cells A549 cells were infected with Ad5, fixed at 60 min p.i., stained for Ran-GAP1(green)
and Ad5 hexon(red), imaged, and 3-D reconstructed under SIM microscopy. The front face of 3D-
reconstruction is shown. Colocalization between Ad5 and Ran-GAP1 can be clearly detected on
the nucleus. Quantifications of colocalization rates is shown on Figure 3.5 C,D. A z-slice of the
same cell before 3D reconstruction is shown on Figure 3.5 B.
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3.2.5 Kif5B knock down does not affect Ad attachment to the NPC, but
changes Ad5 distribution over the entire nuclear surface
To directly test the effect of kinesins on the the nucleus attachment of Ad5, we examined Ad5-
NPC colocalization in control and Kif5B siRNA treated cells at different time post infection. We
did not detect a significant change on Ad-NPC colocalization rate on the nuclear surface (Figure
3.5 E,F). However, a profound change in the distribution of attached Ad on the nuclear surface
is observed, especially at later time post infection. Compared to scrambled siRNA cells (Figure
3.6), the location of NPC attached Ad5 appeared to be more restricted under Kif5B knock down
conditions (Figure 3.7). This observation is consistent with our cytoplasmic exploration model,
which predicts Ad5 to explore the cell and access the nucleus from all directions under normal
conditions, and a more restricted Ad5 exploration and nuclear targeting under conditions of Kif5B
knock down.
69
Figure 3.7: 3-D reconstruction of Ad5 distribution in cells at 60min p.i. in Kif5B siRNA
treated cells A549 cells were treated with Kif5B siRNA for 3 days, infected with Ad5, fixed
at 60min p.i., stained for Ran-GAP1(green) and Ad5 hexon(red), imaged, and 3-D reconstructed
under SIM microscopy. The front face of 3D-reconstruction is shown. Colocalization between
Ad5 and Ran-GAP1 can still be clearly detected on the nuclear region (for quantifications, see
Figure 3.5F), but Ad5 displays a more locally concentrated distribution on the nucleus.
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3.3 Discussion
Many viruses target the nucleus for replication (Flint et al., 2015). How viruses switch from MT
dependent transport to nuclear targeting is poorly understood. Whether viruses simply diffuse from
the pericentrosomal region to the nucleus, or motor proteins play a role in this process, is unclear.
In this study, we directly observed Ad5 targeting to the nucleus on the way of microtubule-based
transport. We found that separating centrosome and nucleus does not affect nuclear targeting
efficiency of Ad5, which argues against the centrosomal diffusion model. Knocking down kinesin-
1 does not affect Ad5’s ability to attach to the nucleus, but restricts the distribution of attached Ad5
to a small region on the NE, supporting a role of kinesin-1 in the cytoplasmic exploration of Ad5,
which allows the virus to search for the nucleus more efficiently from all directions.
3.3.1 Centrosome may be a dispensable step for nuclear targeting
Most current models predict centrosome as an intermediate station between MT-dependent trans-
port and nuclear attachment, due to the fact that Ad5 tend to accumulate near the centrosomes in
cell types that have a nice radial array of MTs. Our observation indicated that Ad5 may be able to
attach to the nucleus directly from MTs and independent of centrosome positioning. This finding
explains Ad5 infectivity in polarized lung epithelial cells, which position their centrosomes and
MT minus end on the apical side, far away from the nucleus.
3.3.2 Role of kinesins in nuclear targeting
In Chapter 2, we showed a role of kinesin-1 in the assisted diffusion behavior of Ad5 prior to
nuclear targeting. We proposed that kinesin binding defects prevent the virus to search for the
nucleus efficiently, especially in cells where centrosomes and nucleus are far away. With super
resolution microscopy, we were able to directly test the outcome of kinesin-1 knock down on
Ad5 nuclear attachment. The effect of kinesin may be two fold. First, Kif5B inhibition restricted
primary sites of exploration by accumulating the virus population in the pericentrosomal area.
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Secondly, kinesin-1 inhibition decreased the area a virus may explore from a primary site, as
indicated in the MSD analysis in Chapter 2 (Figure 2.4I). The second factor will decrease the
efficiency of nuclear searching/targeting without question. However, in cultured cells, the first
factor may actually increase the efficiency of Ad5 nuclear searching because kinesin inhibition
arrests Ad5 in proximity of the nucleus. The two factors may eventually cancel out with respect to
nuclear targeting and infectivity. On the other hand, in epithelial cells, which are the physiological
infection targets of Ad5, both factors will reduce the nuclear searching and targeting for Ad5,
which may be an important evolutionary drive for Ad5 to bind kinesins.
3.3.3 Cytoplasmic exploration model
Our data clearly argues against the centrosomal diffusion model. Is it possible that Ad5 are first
transported to the MTOC by dynein, and then from MTOC to nucleus by kinesin? Though totally
possible, there are several flaws with this model that makes it unlikely to be a major mechanism of
Ad5 nuclear targeting: first, it may only apply to cells with nice radial arrays of MTs. Secondly, if
nuclear attachment can indeed happen on the way of transport (Figure 3.2 D,E), it does not make
sense for most viruses to visit the centrosomes before nuclear targeting. Finally, this model implied
a switch mechanism on the centrosomes, which reverses the prevalent direction of Ad5 transport
towards the plus end. However, there is no evidence supporting such a switch. We extended
this centrosomal transport model to a "cytoplasmic exploration model", with dynein and kinesins
together facilitating adenovirus to explore the cell and search for the nucleus along the way. In
the current study, we provided several lines of evidences in support of this model, which may be
adapted to a wide range of cell types and to other viral and cellular cargoes.
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Chapter 4
Implications and future directions
MT-dependent transport is targeted by many viruses to deliver their subviral particles. How do
virus cargoes go to the right places in a variety of cell types with different MT organizations? In this
thesis, we studied the mechanism of plus-end directed transport by Ad5 at early stages of infection.
We identified Kif5B as a major motor transporting adenovirus to the plus end direction. Kif5B
facilitates cytoplasmic exploration of the virus, which, we propose, is crucial for Ad5 to efficiently
search for nucleus. This kinesin-dependent, cytoplasmic exploration behavior we discovered may
also be used by other viruses to find their targets in a variety of cell types. In addition, cells may
use this mechanism to position their organelles to the desired place.
4.1 Mechanisms of bidirectional transport by adenovirus
Bidirectional movement is frequently observed for a number of cellular organelles and viruses.
The mechanisms, regulations and functions of bidirectional movement are just beginning to be
understood. Combined with our earlier publications (Bremner et al., 2009; Scherer et al., 2014;
Scherer and Vallee, 2015), the findings presented in this thesis allow us to put a full picture of the
bidirectional transport by adenovirus, and to compare it with cellular cargoes and other viruses.
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Mechanisms of motor recruitment Following endocytosis and endosomal escape, adenovirus
directly recruits dynein via hexon and dynein IC/LIC (Bremner et al., 2009; Scherer et al., 2014;
Scherer and Vallee, 2015), and recruits kinesin-1 via penton base and kinesin stalk domain (Figure
2.5), to facilitate their bidirectional transport along MTs. While dynein recruitment is dependent
on low PH exposure, as would happen in early endoeomes, kinesin-1 is recruited on penton base
in a PH-independent manner. These findings established adenovirus as the first virus with well
characterized recruitment mechanism of bidirectional transport.
Our biochemistry results indicate a penton-base mediated recruitment of kinesin-1 via kinesin-
1 stalk domain. Overexpressing penton base should, therefore, compete with incoming Ad5 for
kinesin-1 binding and have a dominant negative effect. However, overexpressed penton base are
mostly imported to the nucleus and only have a marginal effect on Ad5 redistribution. A majority
of penton base remain in the nucleus even after we added a nuclear export signal on its sequence,
indicating a strong nuclear import signal on penton base, although such signal is not obvious from
penton base sequences. We reason that residual cytoplasmic penton base may not be sufficient to
block kinesin-1 binding to Ad5. Alternatively, these penton base may fail to form proper struc-
tures(such as pentamers) which are optimized to interact with kinesin-1. We also tested the effect
of Kif5B stalk overexpression on Ad5 redistribution. The increase in cells with pericentrosomal
Ad5 accumulation is not significant, and the extent of Ad5 accumulation in each cell, measured
by RND ratio, only increased slightly, possibly because of an imperfect dimerization or folding
conformation of the coiled-coil structure.
There is a possibility that other kinesins, such as Kif4A, are recruited by adenoviruses for
plus-end directed transport as well, especially given the fact that Kif4A overexpression rescues the
centrosomal accumulation phenotype of Ad5 in Kif5B knock down cells(Figure 2.3B,C). Though
not completely quantified, our preliminary results seem to show a stronger arrest of Ad5 in cells
treated with a combination of Kif5A, Kif5B, Kif5C, Kif4A, and Kif21A siRNAs. A role of Kif4A
as a transporting kinesin have mostly been studied in mitotic cells (Nunes Bastos et al., 2013;
Subramanian et al., 2013). Interestingly, Kif4A has also been suggested to transport HIV Gag
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proteins (Martinez et al., 2008), although direct evidences of its role as a transporting kinesin
of HIV Gag are yet to be obtained. In addition, Kif4A has been reported to suppress filament
polymerization dynamics in vitro (Hu et al., 2011; Bieling et al., 2010) and induce selective MT
stabilization in fibroblasts. Similarly, Kif21A has also been reported to inhibit MT growth at the
cell cortex (van der Vaart et al., 2013). It will be important to test if adenovirus serve as a novel
cargo of these two kinesin-4 candidates in interphase cells, or kinesin-4s indirectly mediates Ad5
redistribution during early infection through modulation of MT dynamics. It would also be very
interesting to test if penton base interacts with Kif4A by a similar mechanism to Kif5B.
Compare with other cargoes Most cellular cargoes have a different recruitment mechanisms for
dynein and kinesins. They use adaptor protein to recruit dynein (Figure 1.2C) and kinesins (Table
1.2) (Vallee et al., 2012). The distinct dynein recruitment strategy by Ad5 has been discussed in
previous publications (Bremner et al., 2009; Vallee et al., 2012). Kinesin-1 are often recruited
to cargoes through its light chain KLC1/2 or tail domain, as in the case of mitochondria (Glater
et al., 2006), lysosomes (Rosa-Ferreira and Munro, 2011), exocytotic vesicles (Grigoriev et al.,
2007), RNA transporting granule (Kanai et al., 2004), NUDEL/LIS1/14-3-3epsilon complex (Taya
et al., 2007) and dynein/dynaction complex (Yamada et al., 2010). For KLC, many cargoes bind to
the tetratricopeptide repeat (TPR) domains via a ‘tryptophan-acidic’ motif (Dodding et al., 2011;
Pernigo et al., 2013). Some viruses have evolved to use similar recruitment mechanisms to recruit
kinesin-1. For example, a integral membrane protein of vaccinia IEV, A36, mimic the widespread
tryptophan based KLC binding motif to recruit kinesin-1(Morgan et al., 2010). Ad5, on the other
hand, seem to recruit kinesin-1 via its stalk domain on the heavy chain and independent of kinesin-
1 tail or KLCs.
When not transporting cargo, kinesin-1 is kept inactive by binding of a tail region to the motor
domains (Hackney and Stock, 2000; Seiler et al., 2000). This inhibition effect may be further
enhanced by KLCs (Verhey et al., 1998; Cai et al., 2007; Verhey and Hammond, 2009). Cargo
binding to kinesin-1 tail or KLC have been suggested to relieve this autoinhibition and activate
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kinesin-1. This raises an interesting question for Ad5: How are kinesin-1 activated by Ad5 penton
base, which bind to its stalk domain? It is possible that penton base binding onto the stalk domain
triggers kinesin-1 to release autoinhibition and adopt an unfolded conformation. Although such
mechanisms have not been reported for kinesin-1, Aurora B phosphorylation of Kif4A on the stalk
region has been reported to promotes the ATPase activity of Kif4A, possibly by releasing Kif4A
autoinhibition (Nunes Bastos et al., 2013). It will be interesting to test if penton base binding
activates kinesin-1 both in vitro and in vivo.
Our results support a model of direct kinesin-Ad5 interaction (Figure 2.5A,B). However, we
cannot preclude a possible role of adaptor proteins in Ad5 transport. Coiled coil adaptor proteins
such as BicD2 form a triple complex with dynein and dynactin and has a crucial role in the activa-
tion of dynein on the nuclear envelope (Splinter et al., 2010; McKenney et al., 2014). In addition,
BicD2 has also been reported to interact with kinesin-1 (Grigoriev et al., 2007). Similarly, milton
serve as an adaptor protein of mitochondria that interact with both dynein/dynactin and kinesin-1,
and several other proteins, including Huntingtin, La, JIP1, and Hook have also been proposed to
be candidates of adaptor proteins for different vesicles. It is not known if Ad5 also recruit adaptor
proteins to activate dynein, or to serve as additional platforms of kinesin-1 binding.
As a side note, species B adenoviruses have a different entry pathway compared to in contrast
to species C adenviruses(Ad2 and Ad5). They are largely retained in the endolysosomal pathway
for several hours (Miyazawa et al., 2001). Whether species B adenoviruses recruit dynein and
kinesins in a similar manner is yet to be explored, and the answer may give important clues about
adenovirus evolution.
"Tug of war" or coordination? Two models have been proposed to explain the mechanism
of bidirectional transport. In the "tug of war" model, two motors compete with each other and
the winner determines transport direction. In this model, inhibiting one motor should make the
other motor more efficient. In the coordination model, dynein and kinesin motors are recruited
and coordinated by a central controller(Section 1.6), which shuts down one motor while activating
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the other, or shuts down both motors in response to cell signals. Although we cannot preclude a
coordination model, the "tug of war" model seems to fit adenovirus better, based on the relatively
simple motor recruiting mechanism of Ad5, and the fact that inhibiting Kif5B causes Ad5 to move
more efficiently to the minus end direction, and vice visa (Yi et al., 2011).
Surprisingly, knocking down kinesin-1 seems to increase Ad5 run length at both plus- and
minus- direction (Figure 2.4C). Two factors may contribute to the run-length increase in the plus-
end direction. First, other kinesins may take over Kif5B to transport Ad5, and Ad5 which are
unable to bind any kinesins may be underrepresented in our analysis since diffusive particles are
filtered out from the analysis. Second, some minus-end directed movement may be misinterpreted
as plus-end directed movements because of the complexity of MT organization. To solve this issue,
we tried dual color imaging of Ad5 and MTs in Cos 7 cells(Figure 3.2 ) and A549 cells. While
most MTs are too crowded to determine polarity, it is relatively easy to determine MT polarity near
the centrosomes. Further studies are required to obtain more accurate numbers of Ad5 run length
in both control and Kif5B knock down conditions.
Another common method to test if a cargo is subject to "tug of war" or coordination among mo-
tors is to use optical traps to directly measure motor force generation on cargoes (Welte et al., 1998;
Soppina et al., 2009). Unfortunately, Adenoviruses are too small for optical trapping(personal
communication with Roop Mallik). Alternatively, we may use acute inhibition to test simultane-
ous binding of opposite motors (Yi et al., 2011). Preliminary studies indicate a small fraction (∼
5-10%) of Ad5 which undergoes acute dispersal after 74.1 microinjection, indicating simultaneous
binding of dynein and kinesin on these Ad5. We also tested the effect of acute kinesin-1 inhibition
by microinjecting a small tail peptide, which is synthesized from a short Kif5B tail sequence con-
taining IAK motif(Coy et al., 1999; Hackney and Stock, 2000) . The IAK motif on can directly
interact with kinesin-1 motor domain and and inhibits its motor activity (Hackney and Stock, 2000;
Seiler et al., 2000). Acute inhibition of kinesin-1 seems to have a more subtle effect. Most viruses
still undergo bidirectional movements after injection of the tail peptide, possibly reflecting an in-
complete inhibition of kinesin-1s by the peptide. A mild accumulation of Ad5 towards the cell
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center can be observed within 20min of tail peptide injection in ∼ half of the cells, compared to ∼
10% of the cells microinjected with IgG, weakly confirming a role of kinesin-1s in Ad5 transport.
How is directionality determined? Another important question is how directionality is deter-
mined in the bidirectional transport of adenovirus. PKA, which is activated by penton base-integrin
attachment on the cell surface, has been reported to phosphorylate dynein LIC and enhance dynein
binding to Ad5 (Scherer et al., 2014). Whether kinesin-1 is subject to the same or other forms of
regulatory mechanism will be an important question to follow up.
4.2 Evolutionary Perspectives
Adenovirus recruit both dynein and kinesins through distinct capsid proteins, suggesting an inde-
pendent evolution to bind these two motors. If minus-directed transport is sufficient to bring the
virus close to the nucleus, what is the benefit of recruiting kinesins, or even multiple kinesins?
Role of plus-directed transport: offense or defense? Plus-directed transport may be part of
the cell defense mechanism to keep viruses away from the nucleus. However, our data argues
against a defensive role, as kinesin-1 inhibition reduces Ad5 infectivity (Figure 2.4). Indeed, given
so many important roles kinesin-1 play in cells, it is unlikely for cells to evolve kinesin-1 to fight
against adenovirus infection. Plus-directed transport must be part of adenovirus evolution in favor
its infection.
In this thesis we described a novel form of "assisted diffusion" virus behavior, which is facili-
tated by kinesin-1 (Figure 2.4). Although directed transport can be clearly detected at a temporal
resolution of 43ms/frame, the mean squared displacement of Ad5 grows with time linearly at a
temporal resolution of 2s/frame, confirming a relatively random Ad5 motion at a larger time scale.
Indeed, while the MSD grows quadratically when the movement is strictly unidirectional, it will
certainly not grow as much when the cargo move back and forth a lot, and it does not matter
whether the underlying motion is active. Such back and forth behavior of Ad5, as well as rela-
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tively complicated MT structure, allow Ad5 to switch between MTs and explore the cytoplasm.
Kinesin-1 knock down causes Ad5 to accumulate near the pericentrosomal region, and restricts its
exploration in the local area, as shown in both MSD analysis(Figure 2.4) and NPC-Ad5 colocaliza-
tion pattern under super resolution microscopy(Figure 3.6, 3.7). We hypothesize that dynein and
kinesin-1 together may facilitate the virus to explore the cytoplasm for nuclear targeting.
We also reported the immobile characteristic of nuclear bound Ad5. We observed an example
of transporting Ad5 becoming immobile on the MTs near the nucleus, possibly reflecting a NPC
docking event. If Ad5 can, indeed, bind to the nucleus along the way of transport, Ad5 should
still be able to attach to the nucleus in cells with displaced centrosomes. In support of our model,
we found an independent role of centrosome positioning in the nuclear binding of Ad5. Kinesins
should play a key role in this nuclear targeting process, because dynein alone would only transport
Ad5 towards the centrosomes instead of the nucleus. We predict a decreased nuclear targeting after
Kif5B knock down in cells with displaced centrosomes. However, this experiment is not trivial, be-
cause Kif5B knock down rescues centrosome displacement phenotype in late G2 cells. This issue
may be resolved by forcing siRNA resistant kinesin-1 onto the nucleus, and test the effect of Kif5B
knock down in these cells. Controlled recruitment of truncated, constitutively active kinesin-1 mo-
tors to the nuclear envelope has been reported to prevent the nuclear aggregation resulting from
depletion of endogenous kinesin-1 (Wilson and Holzbaur, 2015), indicating that kinesin-1 could
act locally on the nuclear envelope to modulate nucleus position. According to our preliminary
results, overexpression and drug induced interaction of FRB-Kif5B/FKBP-KASH seem to slightly
increase the distance between centrosome and the nucleus(Figure 3.3, not completely quantified).
However, more work is needed to quantify the effect and test Ad5 behavior under control and
Kif5B knock down conditions in these cells.
Kif5C have been reported to be involved in Ad5 disruption after nuclear attachment (Strunze
et al., 2011). While our work focuses on role of kinesin-1s during earlier stage of Ad5 transport
(before nuclear attachment), the same kinesin may play multiple functions. First, they may fa-
cilitate Ad5 in searching for nucleus as attachment destination through a cytoplasmic exploration
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mechanism. Later, they may contribute to Ad5 disassembly on the nucleus through exerting pulling
force on nuclear bound Ad5.
Virus infection in polarized epithelial cells A role of kinesins in its cytoplasmic exploration
may be more crucial for Ad5 infection in multi-ciliated lung epithelial cells, which are the phys-
iological sites of adenovirus infection. The microtubule organization in these cell types differs
significantly from two-dimensional cultured cells. In canine kidney epithelial cells, multiple cen-
trosomes are positioned on the apical side, centrosomal and acentrosomal MTs are aligned in the
apical-basal axis, and acentrosomal microtubules of mixed polarity intersect with each other to
form a meshwork along the basal cortex (Bacallao et al., 1989; Reilein et al., 2005; Tang and Mar-
shall, 2012). In these cell types, we predict an apical accumulation phenotype for capsids that are
unable to bind kinesins. Evolving kinesin binding may greatly facilitate Ad5 to search and target
nucleus in multiple cell types, conferring them a selective advantage. The polarized epithelial cells
will be the ultimate systems to test our hypothesis. Polarized MDCK cells may serve as a good
model system to test. Alternatively, both A549 cells and human bronchial epithelial (16HBE) cells
have been shown to polarize under air-liquid interface culture(Lutschg et al., 2011) and may be
used to test Ad5 infectivity under control and Kif5B knock down conditions.
Different forms of cytoplasmic exploration evolved by pathogens and cells Cytoplasmic ex-
ploration is used by Listeria to move inside cells in search for the plasma membrane (Alberts
et al., 2014), and by baculovirus to gain intracellular motility and get onto the nucleus (Ohkawa
et al., 2010). Both species use host cell’s actin polymerization machinery to move around in cells.
Adenovirus may have evolved independently to explore the cytoplasm, by binding both kinesin
and dynein motors. Whether cytoskeleton based cytoplasmic exploration is a general feature of
pathogen infection has yet to be explored.
We note that diverse forms of cellular vesicles exhibit similar random, exploratory behavior in
non-neuronal cells. Cytoplasmic exploration may be a general feature of motor-driven transport,
to enhance the chance of cargoes to be positioned at the right place. For example, cytoplasmic
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exploration may be used by Golgi vesicles to encounter site of fusion with other membranous
structures, and by mitochondrias to be positioned at places of high energy demand, in a number of
non-neuronal cell types.
MOI issue Last but not least, we note that the particle to PFU ratio of adenovirus is about 20-
100 (Flint et al., 2015). Given that a multiplicity of infection(MOI) of ∼100 is used in most cell
biology work presented in this thesis, it is important to keep in mind that only several viruses are
able to complete the infectious cycle in each cell. This conceivably is another reason why Kif5B
knock down, which dramatically change the distribution of the infected Ad5 population, only have
a relatively small effect (∼20% decrease) on Ad5 infectivity as tested by fluorescent focus assay,
which was conducted at much lower MOI (∼0.01) (Figure 2.4). Nevertheless, evolution accrues
every small step of improvement, which conceivably drives Ad5 to bind kinesins.
81
Materials and Methods
Cells, Viruses, Chemicals and Molecular Methods A549 and 293A cells were grown in DMEM
supplemented with 10% FBS. Amplification, purification, and labeling of replication-deficient
Ad5 were engineered for late GFP expression (courtesy of Dr. Hamish Young, Columbia Uni-
versity, New York, NY) as previously described (Bremner et al., 2009). Antibodies used include
mouse monoclonal anti-hexon (Novocastra), anti-γ-tubulin (ab27074 from Abcam), anti-dynein
intermediate chain (MAB1618, Millipore), anti-KHC (H1 and H2; MAB1613 and MAB1614,
Millipore), rabbit anti-Ad5 (ab6982 from Abcam), anti-GFP (A-11122 from Invitrogen), anti-β-
tubulin (ab6046), goat anti-γ-tubulin (sc-7396 from Santa Cruz), anti-Kif5B (sc13356 from Santa
Cruz). Mammalian expression constructs used in this work included RFP-tagged Kif5C as well
as GFP-tagged full length Kif5A, Kif5B, and KLC1 and KLC2 (all obtained from Kristin Ver-
hey). Plasmids encoding the Ad proteins hexon, 100K and HA-tagged penton base were previ-
ously described (Bremner et al., 2009). Plasmid encoding myc-tagged penton base or protein IX
tagged with FLAG and GFP (pIX-flag-GFP) were cloned from purified Ad DNA. Viral DNA was
separated from capsid proteins by boiling purified virus particles at 100řC for 5min in 1%SDS
and subsequent MiniPrep (Qiagen). Protein IX was cloned into the pEGFP-C1 vector (Clontech,
Mountain View, CA) by introducing 5’ EcoRI and 3’ AgeI restriction sites by PCR. The additional
C-terminal FLAG-tag was introduced during PCR. Mutations in the sequence and in-frame cloning
was tested for by 5’ and 3’ sequencing.
Transient transfections were performed using either Lipofectamine 2000 (Invitrogen) or Ef-
fectene (Qiagen). An siGENOME siRNA smartpool custom library targeting 38 plus-end di-
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rected human kinesins was designed and purchased from Dharmacon. Other siRNA pools used
include Dharmacon siGENOMETM Control Pool and Kif5A, Kif5B, Kif5C, KLC1, KLC2, Kif4A,
Kif21A smartpools. siRNA oligonucleotides were transfected into A549 cells using Lipofectamine
2000 (QIAGEN). siRNA resistant Kif5B was generated using QuickChange II site-directed muta-
genesis kit (Agilent technologies).
Adenovirus infections were all performed in a low volume of DMEM containing 2% FBS at 4
◦C for 30 min to allow virus attachment. The cells were washed three times in cold PBS and incu-
bated in fresh DMEM/2% FBS for 60 min at 37◦C, unless stated otherwise, to allow internalization
and intracellular transport. Leptomycin B (Sigma) was dissolved in dimethyl sulfoxide( DMSO)
and kept at -20◦C until use. Cells were treated with 20 nM Leptomycin B (Sigma) for 60min prior
to adenovirus attachment and during adenovirus infection.
Immunofluorescence Microscopy and Live Cell Imaging Cells were grown on glass cover-
slips and fixed in methanol at - 20◦C for 5 min. Coverslips were blocked for 30 min in 0.5%
donkey serum/PBS; incubated in primary antibody at 37◦C for 1 hr, washed, and incubated for 1
hr at 37◦C in Cy2-, Cy3-, or Cy5-conjugated secondary antibody; then stained with DAPI for 10
min to visualize DNA. Coverslips were mounted using ProLong Gold antifade mounting medium
(Invitrogen) and imaged using either a Leica DM IRB/E inverted microscope equipped with a
CCD camera (ORCA 100; Hamamatsu) or an IX80 laser scanning confocal microscope (Olympus
FV100 Spectral Confocal System). Super resolution images of the nuclear pores were acquired
using a DeltaVision OMX Blaze 3D-SIM microscope (Applied Precision), with standard coverslip
preparation. For all live cell imaging experiments, cells were grown on coverslips in coverslip-
bottomed dishes (MatTek Corp.; Ashland, MA) and infected with Alexa-546 labeled adenovirus
(Bremner et al., 2009). Movies were acquired 15-75 min p.i. using a 63X oil immersion objective
(actual pixel size ∼256 nm/pixel) and a CCD camera (model C9100-12; Hamamatsu) attached to
an inverted microscope (IX80; Olympus; Center Valley, PA), or 60X oil immersion objective (ac-
tual pixel size ∼109 nm/pixel) and an EMCCD camara (Andor iXon ULTRA 897BV) on a spinning
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disk confocal microscope (Yokogawa; Olympus). Cells were typically imaged every 2 seconds or
30seconds, as noted. Z-stacks of images covering the entire cell thickness were acquired for the
latter analysis, and the total intensity projection is shown. For high temporal resolution particle
tracking analysis, imaging was at 23 frames/sec, continuously for 3000 frames. Cell outline and
nucleus position in movies was identified from bright field images.
Ad5 Distribution and Motility Analysis Cells were judged to exhibit “nuclear accumulation”
if they showed > 50% of virus particles associated with nucleus. Cells were judge to exhibit
“pericentrosomal accumulation” if virus particles were sufficiently concentrated in this region to
colocalize with a centrosomal marker or if centrosome position could be clearly inferred from local
adenovirus concentration. To measure the concentration of virus particles in the pericentrosomal
area quantitatively, we estimated average adenovirus number within a 28 X 28 pixel square around
the centrosome. Relative Number Density (RND), the ratio of virus number density per unit area
within the “box” divided by average density throughout the rest of the cytoplasm is calculated as a
measure of pericentrosomal virus acccumulation.
A custom-tracking algorithm was used to extract the position of adenovirus as a function of
time (Bremner et al., 2009). Cells infected with Alexa-546 labeled viruses were imaged at a tem-
poral resolution of 43ms/frame and Ad5 run length, velocity, and frequencies of movements were
determined as previously described (Bremner et al., 2009). To separate diffusive and active trans-
port events, we fit mean squared displacement (MSD) vs. time linearly and quadratically for each
track, and used the Schwarz Bayesian information criterion for model selection. Only active trans-
port events, whose MSD increases quadratically with time, were used for run length, velocity, and
frequency analysis.
A similar particle tracking program was used to identify Ad5 tracks in movies taken at 2s/frame
for 10min (Figure 2.4F). Most of the tracks in this case had a linearly increasind MSD with time.
These tracks, in particular were used to determine apparent diffusion constant (Figure 2.4J). Values
for Ad5 MSD, apparent diffusion constant, and maximum displacement for each track each exhib-
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ited an exponential decay distribution, from which the mean and confidence intervals for these
parameters were determined.
Protein and Biochemistry Analysis (by Julian Scherer) Rat brain lysate and purified rat cy-
toplasmic dynein were prepared in phosphate-glutamate buffer (pH 7.0) as previously described
(Paschal and Vallee, 1987). Kinesin was enriched for using 5-20% sucrose gradient density cen-
trifugation of the microtubule GTP release fraction. The kinesins-1 fractions were devoid of cy-
toplasmic dynein, and were used for further Ad5 and capsid protein binding analysis. Adenovirus
hexon was either recovered from the virus-depleted supernatant from post-lytic cells by immuno-
precipitation with a monoclonal anti-hexon antibody (Bremner et al., 2009) or by anion exchange
chromatography (?). Initial steps of penton dodecahedra (Pt-Dd) purification followed the proto-
col described in (Waris and Halonen, 1987). Additionally, the first eluting peak from the anion
exchange step was pooled, concentrated using spin columns (Millipore), and applied to a Superose
6 10/300 GL column equilibrated with PBS. Pt-Dd-containing fractions eluted close to the void
volume, and were pooled and concentrated. Purified proteins were flash frozen in liquid nitrogen
and stored at -80◦C.
Mammalian cultured cell lysates were prepared in RIPA buffer (50mM Trizma-maleate, 100
mM NaCl, 1 mM EGTA, [pH 7.4]) containing protease inhibitor cocktail (Sigma) and 1% NP40,
and insoluble debris was removed by centrifugation. For immunoprecipitations from cell lysate,
antigen was recovered with anti-tag antibodies and protein A sepharose beads (GE Bioscience),
washed extensively in RIPA buffer, and analyzed for interactions by immunoblotting. Adenovirus
capsid and hexon binding assays were described previously (Bremner et al., 2009). Briefly, virus
or hexon was immunoprecipitated with anti-hexon antibody and protein A sepharose beads from
purified virus stock or virus-depleted infected 293A cell lysate, respectively. The beads were
washed and incubated for 30 min in Tris-maleate buffer (50 mM Trizma-maleate, 10 mM NaCl, 1
mM EDTA, and 0.1% Tween 20, pH 4.4 or pH 7.4), washed in the same buffer at pH 7.4, and then
incubated with purified kinesins at 4◦C for 1.5 hr. Following washing, the beads were analyzed for
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the presence of kinesin by immunoblotting. In reciprocal experiments, anti-kinesin or anti-dynein
IC antibodies were used to immunopurify motor proteins, which was subsequently incubated with
purified virus capsid stock, Pt-Dd, or 293A cell lysate expressing viral capsid components.
Statistical Analysis Two-sample comparisons were performed via either Student’s t test unless
otherwise specified. F test was used for the comparison of mean run length (Figure 2.4B), velocity
((Figure 2.4C), apparent diffusion coefficient (Figure 2.4J), and maximum displacement (Figure
2.4K), which are assumed to be exponentially distributed. Most error bars shows standard error
of the mean, except in Fig4B,C,I, J,K, where a 95% confidence interval is shown. Statistical
significance was inferred for P < 0.05 (denoted by *), P<0.01 (denoted by **), or P<0.001(denoted
by ***) for both tests. All statistical tests were performed using MATLAB (MathWorks), Excel
(Microsoft) or R software.
For the motility analysis, two-sample comparisons were performed via both Student’s t test and
Wilcoxon rank-sum test. In all other cases, the Student’s t test alone was used. Statistical signifi-
cance was inferred for P < 0.05 (denoted by *), P < 0.01 (denoted by **), or P < 0.001(denoted by
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